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ABSTRACT

An experimental study was made to determine the effect
of temperature and rate of strain on the strength, ductility
and energy absorbing capacity of seven different structural
metals in torsion. Cylindrical specimens 0.25 in. in diameter
were tested at four different constant strain-rates from
0.0001 in./in./sec. to 12.5 in./in./sec. and at four different
temperatures from room temperature up to 12DOF. Two series of
tests were conducted: (A) specimens were held at the test
temperature for one-half hour before loading, and (B) specimens
were given a two-hundred hour aging treatment at the test
temperature before testing.

Torque, angle of twist, and time were continuously recorded
and the torsional properties determined. The detailed results
are presented in three-dimensional charts and analyzed in terms
of the mechanisms altering the material behavior. In general,
it was found that an increase in strain-rate caused an increase
in strength, whereas an increase in temperature reduced the
strength of all metals except in the blue-brittle temperature
range for steel. Extremely great ductility was exhibited by
some of the metals at the highest elevated temperatures employed,
particularly at the slower rates of straining. The two-hundred
hour aging treatment had no appreciable effect on the properties
of most of the metals tested; significant changes were produced
only in the aluminum alloys at 480F and 60OF and in alloy steel
at 1200F.

The experimental observations were compared with several
theories that have been proposed to express mathematically the
effects of strain-rate and temperature on mechanical properties.
By proper selection of empirical constants, several eouations
involving a general relation for flow stress or new parameters
of a "temperature-modified" strain-rate or a "velocity-modified"
temperature were found to express approximately the variations
obtained in mechanical properties,

PUBLICATION REVIEW

This report has been reviewed and is approved.

FOR THE COMMANDING GDUNAJ:

Colonel, USAF
Chief, Materials Laboratory
Directorate of Research

WADC TR 53-10 iii



TA3LE OF CON•iTS

I IMRDUCTION. . . . . . . * 0 * * 1

1. Evaluation of the Mechanical Properties of Materials . , * 1

2. Immediate Importance of Temperature and Strain-Rate Studies. 2

3. Object and Scope of this Investigation . . .... .. . 3

4. Review of the Literature. ..... .,.... 4.•*
a General. a * e * o a e . e . . 4
b, Ferrous Metals . . .. .. .. .. ......... 6
o. Aluminum Alloys . . . . . . . . .......... 7
d. Magnesium Alloys . . . . . . . . . . . . . . . . . . . T
e. Titanium . . . . . . . & a . .* o * *

II EXPERIIMMAL PROGRAM ............... . . . . . . . 10

5. Dedcription of Testing Equipment. . . ....... . . . .. 10

a. Mechanical Features of the Torsion Testing Machine , 10

b., Recording System . . .9.*.. ....... .& * 32
a. Torque Measuring Device. . . . . . * 0 .. . . . 13

d. Twist Mieasuring Devices. . . ... .* . .. .....

Rapid Tests . . . . . . . . • .* . * * 0 . 14
Lower Speed Tests. . . . . . . . . . . . . . . . . . 15
Elevated Temperatures . e.............. 17

e. Sequence Control System. . ... . ... . .. .. .. 17

f. Furnace and Control System . . . . ........ . . 19

6. Interpretation of the Oscillograph Records . . . . . . . . . 21

III RESUTIS 07 ZXM•IMMS .. .. .. .. .. .. .. .. .. .. . .. 22

7. Presentation of the Data . . . . . . . . . . . . . . . . . . 22

a. Explanation of the Torsional Properties Reported . , , 23

b. Evaluation of the Proportional Limit . . . . . . . . . 24

a. Determination of the M~odulus of Elasticity . . . . . . 25

d. Explanation of the Graphs. ....... 26

9. Discussion of Results ................... 29

a. SAE 1019 Steel . . . . . . . . . . . , 0 0 * • * 0 29

b. SAE 43140 Steel . • . . .......... . .. .. 32

a. 24S-T Aluminum Alloy ........ . , • 33

WADO TR 53-10 iv



TABLE~ OF CONTENTS (CO1NTID)

d. T5S-T Aluminum Alloy ........ .... . . 35
F. S-I I tegnesium Alloy .0* 3T

f. S-lo Titanium... l . ............. •.• 39

g. RC-130-B Titanium Alloy* .. .42.....

h. Effect of Aging Treatment...... . 4..... 413

75S-T Aluminum Alloy . . . . ............ 43

24S-T Aluminum Alloy ... ............ 4
Steel* .. . . . . . .6 . . .0 . . . . • 6

FS-1 Megnesium Alloy . ......... ...... . 47
T i t a n i u m . .. . . .. & • * v• . . . .* • v * 7

i. Energy Absorption.. .... . & .. . .. . .a. 147

J. Deformation and Fracture Characteristics .... . . 14g

k. Shape of the Torque-Twist Ohrves. ......... 49
1. Comparative Strengths of the Seven *etals...... 51

m. Influence of Structural Changes on Experimental
Observations . .t.o. ........ . 51

9. Comparison of Strain-Rate and Temperature Effects with
Mathematical Theories* . ........ • •. 56

a. Simplifications Used.. . . . . . . ... 56
b. Equivalent Strain-Rate Parameter ...... . • • • 57

c. General Equation for Flow. ......... .... 5

Constant Strain-Rate and Temperature .... • • 59

Constant Strain and Temperature.. ..... . . . 60

Constant Strain and Strain-Rate ........ .• 61

d. Velocity-Modified Temperature Parameter..... 62

10. Correlation with Other States of Stress. ..... . . . .

IV SfLDq Y AIMDCONCIUJSIONS..9 .. . .• . .... .. 66
BIBLIOGRAPH. .. . ••••••••• 71

APF!ThDII

I Derivation of the Equation for Shearing Stress in Torsion .

II Discussion of a General Equation for Flow . . . . . . . . . 84

III Discussion of the Velocity-Modified Temperature Parameter . 86

IV Tables of Individual Test Results . . . . . . . . . . . .8

V Tables and Figures 153

WADC TR 53-10 v



LIST OF TABLES

APPEIX IV

TAB NO. PAGE

1. Torsion Properties of SAE 1018 Steel at Room
Temperature . . . . . . . . 88

2. Torsion Properties of SAE 1018 Steel at o400F
(Not Aged) . . . . . . . . . . . . . . . . . 89

3. Torsion Properties of SAE 1018 Steel at 40°0F(Aged).. . .. . . .. . .

4. Torsion Properties of SA" 1018 Steel at 700OF
(Not Aged) . . . . . . . . . . . . . . . . . 91

5. Torsion Properties of SAE 1018 Steel at 700°F(Aged) . . . . . . . . . . . . . . . . . 0 . 92

6. Torsion Properties of SAE 1018 Steel at iO00°F
(Not Aged) . . . . . . . . . . . . . . . . . 93

7. Torsion Properties of SAE 1018 Steel at 1000OF
( d) . .... . . . . . . . . . . . . . . 94

9. Torsion Properties of SAE 4340 Steel at Room
Temperature. . . . . . . . . . . . . . . . . 95

9. Torsion Properties of SAE 4340 Steel at 400OF
(Not Aged) . . . . . . . . . . . . . . . . . 96

10. Torsion Properties of SAE 4340 Steel at 400°F(Agd) . . . . . . . . . . . . . . . . . * . 97
11. Torsion Properties of SAE 4340 Steel at 700°F

(NotAged) . . . . . . . . . .. . .. . . . 98

12. Torsion Properties of SAE 4340 at 700°F (Aged) 99

13. Torsion Properties of SA• 4340 Steel at l000F
(Not Aged) . . . . . . •. . . . • • • • • # 100

14. Torsion Properties of SA& 4340 Steel at 1000°F
(Aged) . . . . . . . .. .. . . 101

WADe TR 53-10 vi



LIST OF TAMLS (CONT'D)

APPENDIA IV

TABLE NO. PAGE

15. Torsion Properties of SAE 4340 Steel at 1200OF
(Not Aged) . . .... ............ .... 102

16. Torsion Properties of SAE 1434o Steel at 12DOF
(Aged) . . . . l............... .. 103

17. Torsion Properties of 24S-T Aluminum Alloy at
Room Temperature ................. . 104

18. Torsion Properties of 24S-T Aluminum Alloy at
200°F (Not Aed) .... ............. . 105

19. Torsion Properties of .4S-T Aluminum Alloy at
2) 0OF (Aged) ............... . . . . . 1o6

20. Torsion Properties of 24S-T Aluminum Alloy at4O0°F (N;ot Aged) .. .. .. .. .. *.0.... 107

21. Torsion Properties of 24S-T Aluminum Alloy at
4oo0F (Ag ) ............. . . . . . . o108

22. Torsion Properties of 24S-T Aluminum Alloy at
600OF (Not Aged) . . . ............ . . . . . 109

23. Torsion Properties of 24S-T Aluminum Alloy at
600oF (Aged) . . . . . . . . . . . . . . . 0 110

24. Torsion Properties of 75S-T Aluminum Alloy at
Room Temperature *.. .. a.. *.. *... .. ill

25. Torsion Properties of 75S-T Aluminum Alloy at
)8OoF (Not Aged) . . . . . . . . . . . . . . . 112

26. Torsion Properties of 75S-T Aluminum Alloy at
200OF (Aged). .................... . . . 113

27. Torsion Proterties of 75S-T Aluminum Alloy at
4.00F (Not Aged) . . . . . . . . . . . . . . . 114

28. Torsion Properties of 75S-T Aluminum Alloy at
4ooOF (Age) .... ............... . . . . 115

WADC TR 53-10 vii



LIST OF TABLES (CONT'D)

APFF IX IV

TAE NO. PhGZ

29. Torsion Properties of 75S-T Aluminum Alloy at 600°F
(Not A•ed) . . . . . . . . . . . . . . . . . . . . . ui6

30. Torsion Properties of 75S-T Aluminum Alloy at 60007
(Aged.) . . . . . . . ... . . . . . . . . . . . . . .

31. Torsion Properties of MS-1 Magnesium at Room Tamper-
ture. . . . . . . . . . . .0 **l*09* 000*0 u

32. Torsion Pr6perties of FS-1 Magnesium at aOO°F(Not W,) .. .. .... . . .. ... 119
33. Torsion Properties of MS-1 Magnesium at ajoOl (Agd) 13)

34. Torsion Properties of MS-i Magnesium at 140oF
(Not Ad).. .. .. .. .. .. ... . .. 0 *00 l

35. Torsion Properties of M-1 Magnesium at 4oo°F (Aged) 122

36. Torsion Poperties of MS. l Magnesium at 6o000
(Not Ad) . . . . . . . . . . . . . . . . . . . . . 123

37. Torsion Properties of FS-1 Magnesium at 6•OF (Aged) 12

39. Torsion Properties of RC-70 Titanium at Boom
Temperature . . . .. . . . . . . . . . . . . . . . 125

39. Torsion Properties of RC-70 Titanium at 4w00F(Not Age) . .. .. . .. .. .. . .. ... .. . 126

40. Torsion Properties of EC-70 Titanium at 1o0F (Aged) 127

4i. Torsion Properties of RC-70 Titanium at 700OF(Not Aged) . . . . . . . . . . . . . . . . . . . . . 129

42. Torsion Properties of RC-70 Titanium at 7000F (Aged) 129

43. Torsion Properties of RC-70 Titanium at 1000°F(Not .Age) .. . .. . . . . . .. .. .. .. . .. 130

44. Torsion Properties of RC-70 Titanium at 10000F (Aged) 131

WADC TI 53-10 viii



LIST OF TABLES (CONTID)

APPENDIX IV

TABLE NO. PAGE

45. Torsion Properties of RC-130B Titanium Alloy at
Room Temperature ... .. ..... . ...*0 132

46. Torsion Properties of RC-130B Titanium Alloy at
4oo" (Not Aged) . . . . . . . . . . . . 0 133

47. Torsion Prom rties of RC-130B Titanium Alloy at
1400 0F (Aged) . . . . . * . 0'* & . . . . . . . . 13)4

4g. Torsion Properties of RC-130B Titanium Alloy at
700oF ( Not Aged) ......... , ...... 135

49. Torsion Properties of RC-130B Titanium Alloy at
700F (Aged) . . . 0 . . . . . . . . . . . .* 136

50. Torsion Properties of RC-130B Titanium Alloy at
1000OF (Not Aged) ................. 137

51. Torsion Properties of RC-130B Titanium Alloy at
1000l F (Aged) . . . . . . . . . . . . . . . . . . 138

52. Torsion Properties of SAE 1018 Steel at .4WF
(Not Aged) . . . . . . . . . . . . . . . . . 14o

53. Torsion Properties of SAE 1019 Steel at 4000F(Aged) .. .. .. .. .. .. .. .. .. . .. 141

5)4. Torsion Properties of SAE 1019 Steel at 700°F
(Not Aged) . . . . . . . . . . . . . . . . . . . 1)42

55. Torsion Properties of SAN 1018 Steel at 10OF
(Not Aged) . . . . . . . . . . . . . . . . . . . 143

56. Torsion Properties of 24S-T Aluminum Alloy at2O0OF (Not Aged) . . . . .. . . . . ... . . . . . 144

57. TorsiotAProprties of 24S-T Aluminum Alloy at
2*ooo d ... . . . . . .. ... . .*.*. . . . 145

WADO TR 53-10 ix



LIST OF TABLii•S (CONTID)

APPENDIX IV

TABLE NO. PAGE

58. Torsion Properties of *-S-T Aluminum Alloy at
40oP (Not Aged) . . . . . . . . . . . . . . . 146

59. Torsion Prop rties of 24S-T Aluninun Alloy at
400OF (Agd) . . . . . . . . . . . . . . . . . 147

60. Torsion Properties of _*S-T Aluminum Alloy at
6o0o0 (Not Aged) . . . . . . . . . . . . . . . 149

61. Torsion Properties of 24S-T Aluminum Alloy at
6000o (Agsd . . . . . . . . . . . . . . . . . 149

62. Torsion Properties of MS-i Magnesium Alloy at
20ooF (Not Ad) .. . . . . . .. . . . . .. . 15o

63. Torsion Properties of FS-1 Magnesium Alloy at
•4oo° (Not Aged) . . . . . . . . . . . . . . . 151

(. Torsion Properties of FS-i Magnesium Alloy at
6oo00 (Not Aged) . . . . . . . . . . . . . . . 152

APPMIX V

TABLE NO. PAGE

I. CHEMICAL ANALYSIS OF METALS TO BE TESTE . . . . 153

II. STATIC TENSILE PRODPRTIES OF METALS TESTED . . . 15

III. INSTIRUENTATION AND CONDITIONS FOR CONDUCTING
VARIOUSTESTS . ... .. ........ 155

IV. SAMPLE CALCUIATIONS . . . ........ 156

WADC TR 53-10 x



LIST OF ILLUSTRATIONS

FIGtRE NO. PAWE

1 Torsimn Testing Machine Set Up for the Slowest Rate
of Loading, . .. . . . . . . . . . . . . . . . . . 157

2 Details of the Torsion Test Specimen . . . . . . . 158

3 Details of the Water-Cooled Torsion Weigh-Bar . . . 158

4 Apparatus for Measurement of the Angle of Twist by
Means of a Photoelectric Cell . . . . . . . . . . . 159

5 Twist Measuring Apparatus for Slower Speed Tests . 16o

6 Circuit Diagram for the Slide Wire Component of the
TwistIndicator, Fig. 5 • e.e . *....... 160

7 Timing and Switching Mechanisms for Controlling the
Seauence of Events When Testing at the High Rates
.of Strain . * . .0. . . ... . .. . . . . . . . 161

8 Sectional View of the Electric Furnace for Elevated
Temperature Torsion Tests. . ... ....... 162

9 Wiring of the Furnace and Control Circuit .... . 162

10 Electric Furnace and Control Panel for Elevated
Temrperature Tests . ................ 163

11 Typical Oscillograph Record from Torsion Test at
Room Temperature and Strain Rate of 0.005 in./in/sec. Ie

12 Typical Oscillograph Record from Torsion Test at
Room Temperature and Strain-Rate of 12.5 in./in./sec. 165

13 Toraue-Twist Diagram for 75S-T Aluminum Alloy in .
Torsion (Test No. 133, 2nd Speed, Room Temperature). 166

14 True Tensile Stress-Strain Curves for the Seven
Metals Studied ................... 166

15, Ordinary Tensile Stress-Strain Curves for the Seven
Metals Studied .................... 167

WADC TR 53-10 xi



LIST OF ILLUS•TIONS (COnT'D)

FIGU NO. PAGE

16 Effect of Temperature on the Shearing Yield Strength of
SAE 101 8Steel in Torsion . . . ...... . ..... 16

17 Combined Effects of Rate of Strain and Temperature on
the Shearing Yield Strength of SAE 1018 Steel in Torsion 16g

18 Combined Effects of Rate of Strain and Temperature on
the Modulus of Rapture of SAE 1018 Steel in Torsion . . 169

19 Effect of Temperature on the Total Shearing Strain of
SAE 1018 Steel in Torsion .. . . . . a . . * . 169

aD Combined Effects of Rate of Strain and Temperature on
the Total Shearing Strain of SAE 1018 Steel in Torsion. 170

21 Effect of Rate of Strain on the Total Shearing Strain of
SAE 1018 Steel at 1000°F in Torsion . . . . . . .. . 170

22 Combined Effects of Rate of Strain and Temperature on
the Energ Absorbed in Specimens of SAE 1018 Steel in
Torsion. . . . .. .o . . . .o * e v * o o o o 171

23 Combined Effects of Rate of Strain and Temperature on
the Yield Point Ratio for SAE 1018 Steel in Torsion . . 171

2•4 Effect of (a) Rate of Strain and (b) Temperature on the
Shearing Yield Strength of SAE 4340 Steel in Torsion. 172

25 Combined Effects of Rate of Strain and Temperature on
the Shearing Yield Strength of SAE 4340O Steel in' Torsion 173

26 Combined Effects of Rate of Strain and Temperature on
the Modulus of Rapture of SAE 4340 Steel in Torsion . o 173

27 Effect of Temperature on the Total Shearing Strain ofSAE 434o Steel in Torsion . . . . .. . .. . . i 0000 7

28 Combined Effects of Rate of Strain and Temperature on
the Total Shearing Strain of SAE 434o Steel in Torsion 174

29 Combined Effects of Rate of Strain and Temperature on
the Energ Absorbed in Specimens of SAE 4340 Steel in
Torsion .. .. . . . . .. 175

WADC TR53-10 xii



LIST OF ILLUSTRATIONS (CONTtD)

FIGURE NO. PAGE

30 Effect of (a) Rate of Strain and (b) Temperature on the
Shearing Yield Strength of 24S-T Aluminum Alloy in Torsion 175

31 Combined Effects of Rate of Strain and Temperature on the
Shearing Yield Strength of J+S-T Aluminum Alloy in Torsion 176

32 Combined Effects of Rate of Strain and Temperature on the
Modulus of Rupture of 24S-T Aluminum Alloy in Torsion . . 176

33 Combined Effects of Rate of Strain and Temperature on the
Total Shearing Strain of 24S-T Aluminum Alloy in Torsion. 177

34 Combined Effects of Rate of Strain and Temperature on the
Energy Absorbed in Specimens of 24S-T Aluminum 61lloy in
Torsion .............. * • ......... 177

35 Effect of (a) Rate of Strain and (b) Temperature on the
Shearing Yield Strength of 75S-T Aluminum Alloy in Torsion 178

36 Combined Effects of Rate of Strain ard Temperature on the
Shearing Yield Strength of 75S-T Aluminum Alloy in Torsion 178

37 Combined Effects of Rate of Strain and Temperature on the
Modulus of Rupture of 75S-T Aluminum Alloy in Torsion . . 179

39 Effect of (a) Rate of Strain and (b) Temperature on the
Total Shearing Strain of 75S-T Aluminum Alloy in Torsion. 179

39 Combined Effects of Rate of Strain and Temperature on the
Total Shearing Strain of 75S-T Aluminum Alloy in Torsion. 180

40 Effect of Rate of Strain on the Total Shearing Strain of
75S-T Aluminum Alloy at 600F in Torsion . ...... 180

4l Combined Effects of Rate of Strain and Temperature on the
Energy Absorbed in Specimens of 75S-T Aluminum Alloy in
Torsion. . . . * a . . . * . . . . . . . . . . 0 . . . . 191

42 Effect of (a) Rate of Strain, and (b) Temperature on the
Shearing Yield Strength of FS-1 Magnesium Alloy in Torsion 181

43 Combined Effects of Rate of Strain and Temperature on the
Shearing Yield Strength of FS-1 Magnesium Alloy in Torsion 182

44 Combined Effects of Rate of Strain and Temperature on the
Modulus of Rupture of FS-1 Magnesium Alloy in Torsion . . 182

WADG TR 53-10 xiii



LIST OF ILLUSTRATIONS (CONT'D)

FIGURE NO. PAGE

45 Combined Effects of Rate of Strain and Temperature on the
Total Shearing Strain of FS-1 Magnesium Alloy in Torsion 183

46 Combined Effects of Rate of Strain and Temperature on the
Energy Absorbed in Specimens of FS-I Magnesium Alloy in
Torsion .. * . . •0 • • .. . .a . . • . . . . . *. 183

47 Effect of (a) Rate of Strain and (b) Temperature on the
Shearing Yield Strength of RC-70 Titanium in Torsion . . l4

49 Combined Effects of Rate of Strain and Temperature on the
Shearing Yield Strength of nC-70 Titanium in Torsion . . 185

49 Combined Effects of Rate of Strain and Temperature on the
Modulus of Rupture of RC-70 Titanium in Torsion . . . . . 185

50 Effect of Temperature on the Total Shearing Strain of RC-70
Titanium in Torsion ................... 186

51 Combined Effects of Rate of Strain and Temtmrature on the
Total Shearing Strain of RC-70 Titanium in Torsion . . . 186

52 Combined Effects of Rate of Strain and Temperature on the
Energy Absorbed in Specimens of RC-70 Titanium in Torsion 187

53 Combined Effects of Rate of Strain and Temperature on the
Yield Point Ratio for RC-70 Titanium in Torsion .... . 197

Effect of (a) Rate of Strain and (b) Temperature on theShearing Yield Strength of RC-130-B Titanium Alloy in
Torsion . * * * * .* . * ... . . . . . .* * . . . .* .& 18

55 Combined Effects of Rate of Strain and Temperature on the
Yield Strength of RC-130-B Titanium Alloy in Torsion . . 189

56 Combined Effects of Rate of Strain and Temperature on the
Modulus of Rupture of R11-130-B Titanium Alloy in Torsion 189

57 Effect of Temperature on the Total Shearing Strain of
RC-130-B Titanium Alloy in Torsion1. . . 190

58 Combined Effects of Rate of Strain and Temperature on the
Total Shearing Strain of RC-130-B Titanium Alloy in Torsion 190

WADC T 53-10 xiv



LIST OF ILLUSTRATIONS (CONT'D)

FIGURE NO. PAGE

59 Combined Effects of Rate of Strain and Temperature on the
Energy Absorbed in Specimens of RC-130-B Titanium Alloy
in'Torsion . . . . ... . ........ .. 191

60 Shift of Blue Brittleness Temperature for Steel with
Change of Strain-Rate . . . . . . . . . . . . * .0 .a 191

61 RC-70 Titanium Specimens Broken in Second Speed Tests . 192

62 Oscillograph Records for Tests of SAE 1018 Steel at
4OOF . . . . . . . . . . . . . . . . .* .* . . * * 193

63 Oscillograph Records for Tests of SA" 1018 Steel at70ooF .. . .. . . .. .. .. .. .. .. . .. . . . . 194

64 Initial Portions of Oscillograph Records for First Speed
Tests of RC-70 Titanium ................ 195

65 Initial Portions of Oscillograph Records for Second, Third
and Fourth Speed Tests of RC-70 Titanium. . ...... 196

66 Toroue-Twist Curves for Fourth Speed Torsion Tests of SA@
1018 Steel at Four Temperatures ........ . . .. 197

67 Torcue-Twist Curves for Fourth Speed Torsion Tests of SAd
434O Steel at Five Temperatures . . . .... . . . . . 197

68 Toraue-Twist Curves for Fourth Speed Torsion Tests of 24S-T
Aluminum Alloy at Four Temperatures . . . . . ..... 198

69 Torque-Twist Curves for Fourth Speed Torsion Tests of 75S-T
Aluminum Alloy at Four Temperatures a . * & .*. . .. .. 198

70 Torque-Twist Curves for Fourth Speed Torsion Tests of FS-1
Magnesium Alloy at Vour Temperatures . . . . .0. . . . . 199

71 Torque-Twist Curves for Fourth Speed Torsion Tests of RC-70
Titanium at Four Temperatures . .a. .& * *. .. . 0 * 0 ajo

72 Toraue-Twist Curves for Fourth Speed Torsion Tests of RC-
130-B Titanium Alloy at Four Temperatures . . . . . . . a00

73 Comparison of the Shearing Yield Strengths at Alevated
Temperatures of Seven Metals Tested in Torsion .2... aD1

74 Comparison of the Moduli of Rupture at A1levated Temperatures
of Seven Metals Tested in Torsion . . . . . . . . . . . 202

WADC M 53-10



LIST OF ILLUS ATI0S tXORT'D)

FIGURE NO. PAG3

75 Comparison of the Torsional Strength.-Weight Ratios of Seven
Metals at Elevated Temperatures . . . . . . . . . * . . * . aD3

76 Plastic True Stress-Strain Curves for Torsion . . . . . ..0X

77 Variation of Torque at Shearing Strain.0.50 in. /in. with
the Parameter P for SAl 1018 Steel in Torsion aD./.5

78 Eff'ect of Rate of Strain on the Torque at Constant Shearing
Strain in Torsion Tests of SAN 1018 Steel . . . . . . . . . 8)5

79 Effect of Rate of Strain on the Torque at Constant Shearing
Strain in Torsion Tests of SAB 434o Steel . . . . . . . . . a06

80 Effect of Rate of Strain on the Torque at Constant Shearing
Strain in Torsion Tasts of 2 S-T Aluminm Alloy... . .26

81 Effect of Rate of Strain on the Torque at Constant Shearing
Strain in Torsion Tests of 75S-T Al•inumi Alloy . . . . . . 287

92 Effect of Rate of Strain on the Torque at Constant Shearing
Strain in Torsion Tests of FS-1 Magnesium Allco . . . . . . 207

83 Effect of Rate of Strain on the Torque at Constant Shearing

Strain in Torsion Tests of RC-70 Titanium . . . . . . . . . "8

84 Effect of Rate of Strain on the Torque at 06nstant Shearing
Strain in Torsion Tests of RC-130-B Titanium Alloy . . . . a%5

85 Effect of Temperature on the Torque at Constant Shearing
Strain in Torsion Tests of SAS 1018 Steel . . . . . . . . . 8)9

86 Effect of Temperature on the Torque at Constant Shearing
Strain in Torsion Tests of SAK 434o Steel. . a . . . . . .. )9

87 Effect of Temperature on the Torque at Constant Shearing
Strain in Torsion Tests of 2 S-T Aluminum Alloy . . . . . 210

88 Effect of Temperature on the Torque at Constant Shearing
Strain in Torsion Tests of 75S-T Aluminum Alloy . 2. . . . . 10

89 Effect of Temperature on the Torque at Constant Shearing
Strain in Torsion Tests of MS-l Magnesium Alloy . . . . . . 211

WADC TR 53-10 xvi



LIST OF ILLUSTRATIONS (CONT'D)

FIGME NO. PAGE

90 Effect of Temperature on the Torque at Constant Shearing
Strain in Torsion Tests of RC-70 Titanium . . . . . . . 211

91 Effect of Temperature on the Torque at Constant Shearing
Strain in Torsion Tests of RC-130-B Titanium Alloy . . 212

92 Variation of Torque at Shearing Strain,y)=0.50 in./in. with
the Parameter Tn for SAE 1018 Steel in Torsion . . . . . 212

93 Variation of Torque at Shearing Strain, =0.30 in./in. with
the Parameter Tm for SAE 4340 Steel in Torsion. . . . . 213

94 Variation of Torque at Shearing Strain, y=O.30 in./in. with
the Parameter Tm for 24S-T Aluminum #Alloy in Torsion . . 213

95 Variation of Torque at Shearing Strain, Y=0.iO in./in. with
the Parameter Tm for 75S-T Aluminum Alloy in Torsion . . 214

96 Variation of Torque at Shearing Strain, y=O.30 in./in. with
the Parameter Tm for FS-l Magnesium Alloy in Torsion . 214

97 Variation of Torque at Shearing Strainr-0.05 in./in. with
the Parameter Tm for RC-70 Titanium in Torsion . . . . . 215

98 Variation of Torque at Shearing Strain,y0.20 in./in. with
the Parameter Tm for RC-130-B Titanium Clloy in Torsion. 215

99 Shearing Stresses in Torsion of a Round Bar. . . . . . . 216

100 Torque-Twist Curve for DefiningT. ... ....... 216

101 Contributl ons to the Relative Strength Caused by Time-
Dependent and Temperature-Dependent Changes During Testing 216

WADO TR 53-10 xvii



I. INRMCOI)UION

1. Zvaluation of the ifechanioaJ. Proerties of Materials.

The ability of a structure or structural part in service to carry out the

function for which it is intended depends to a large extent on the behavior of

the material of which it is constructed. In order that the designer may have

adecmate information on the significant properties of the material, these prop-

erties must be determined by appropriate tests of samples of the material.

'J'hat constitutes an appropriate test is not yet defined. Each of the tests

coimmonly used has some advantages but also certain disadvantages and it is not

always certain exactly how to extend results obtained under one limited set of

conditions to include others. In the past it has been customary to accept the

-roperties obtained in the ordinary static tension test as the most satisfactory

criteria for evaluating the mechanical qualities of a material. Because of its

simplicity and common usage# the tension test is used to predict the aft~licability

of materials for a wide variety of uses, many of which involve more complex

systems of stresses. Considerable doubt exists, however, as to whether mny

universal structural characteristics can be adequately anpraised on the basis

of observations of the properties when subjected only to a uniagal state of

stress.

i4ay of the mechanical proporties for which an evaluation is usually Atteapt-

ed fall in one of the following classes. elastic strength sad stiffness, ductilitt

energy absorption and maximum load carrying capacity. The elastic characteristics

are most easily treated theoretically and until recently have received the most

attention in tension test studies. However for studying the plastic and work.

hardening characteristics of a metal, the tension test is inherently at a die-

advantage because of the local necking which takes place. The onlyv portion of

the metal in the tension e"cimen which is completely exhausted plasticile y is the

material adjacent to the break. The final elongation, therefore, is a combination
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of large deformations in the necked portion end a limited amount of stretching

throughout the remaining portion of the metal which retains considerable capacity

for deformation. This latter portion constitutes the largest part of the length.

Furthermore, within the localized region where the fracture finally occurs,

necking introduces a notch effect accompanied by a complex three-dimensional

stress system which changes continuously as the necking progresses. This makes

it difficult, (7, 50)+ if not impossible, to analyze the final fracture character-

istics and relative work-hardenability of different metals.

In the torsion test many of these disadvantages are not present. The

dimensions of the specimen do not change appreciably during the test even to the

point of fracture, so that the original dimensions of the specimen are valid

for analytical studies of strength and ductility. Deformation is fairly uniform

throughout the length of the test section. The absence of localized necking

'eliminates the continuously increasing notch effect vrith its consequent localizes

three-dimensional stress system. Ductility as determined by the angle of twist

of the specimen involves general exhaustion of the plasticity along the entire

gage length. The slope of the stress-strain diagram in the torsion test is

a better measure of the work-hardenability of the material since this slope

is not influenced by major dimension changes as in the tension test.

2. Immediate Importance of Temperature and Strain-Rate Studies.

The behavior of a given material has been found to depend on the mechtnica.

operations carried out during fabrication, heat treatment, stress history and

upon other factors such as the type of loading, state of stress and environ-

mental conditions.

Two imortant oarameters, rate of strain and temperature, are known to be

interrelated and frequently vary simultaneously in service. Both have been

+ •mbers in parentheses refer to the references listed in tie Bibliography.
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Investigated singly but few studies have been of a wide enough scope to give

attention to their combined effects.

The current trend toward jet engines and rockets for propulsion of guided

missiles and military aircraft, and the extreme speeds developed, have intro-

duced problems of elevated temperatures and severe sudden loading. Heat arising

from skin friction and from the power plants is sufficient to produce elevated

temperntures in wing and fuselage elements which heretofore have operated well

within the ordinary room temperature range. Because of the extreme urgency for

ranid advance in this field, investigation of these parameters is particularly

timely and since many of the stress systems in surface and supporting elements

are biaxdal, torsion -tests are especially apropriate.

3. Object and Scote of Investigation.

In this project, nre'pared specimens of several metals were subjected to a

biaxial state of stress in torsion tests to investigate the effects of the

two parameters, teMperAture and strain-rate, on their mechanical properties.

The studies covered here included two steels, two aluminum alloys, one

magnesium alloy and two titanum alloys. These metals represent three different

classes according to crystal lattice structure, namely, body-centered cubic for

steels, face-centered cubic for the aluminum, and close-packed hexagonal for

the titanium and magnesium.

Four rates of torsional strain, differing by factors of 50 to 1, were

selected to produce the following nominal rates of shearing strain for the speci-

mens tested: 12.5, 0.25, 0.005 and 0.0001 in. per in. per second.

Torsion tests were conducted at room tempernture and at three or four

elevateed temperatures for each metal. The elevated temperature levels were:

200F, 4OOF and 60OF for the aluminum and magnesium alloys and 400F, 7OO3 and

O000F for the steels and titanium. For the 4340 steel a set of tests was in-

cluded also at 1200F. For one series of tests, pecimens wer, heated to the
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desired temperature then held at temperature for-one-half hour before each test

began. A second series of tests is also reported for which snectmens were given

a 200-hour aging treatment in advance, at the same elevated temperature at which

they were subsequently tested.

The geometric details chosen for the torsion test specimen are shown in

Pig. 2. .arge radius fillets at the ends of the reduced section and a slight

undercutting of the central portion were necessary to prevent the fracture

from occurring outside the gage length.

14. Review of the .iterature.

a. General. " The technical literature contains re¶,orts on a multitude

of investigations and theories which contribute to an understanding of the

influence exerted by rate of loading and by temperature on the behavior of-

structural materials. Some of the papers, which have arpeared in the literature

during recent years, treating this subject are listed in the bibliography which

is.included at the end of this manuscript. Por a more complete bibliography

see the lists of references included in Refs. 115 and 116.

A large proportion of the studies involving a higi rate of strain have

been made in impac testing machines and, in some cases, the energy absorbed

was the only property which could be measured. In impact tests the effect

of reduced temperature is particularly i9r.ortant and for many metals it is

possible to determine critical temperatures above which the fracture is ductile

and energy absorption great and below 'which fracture is brittle -nd energy ab-

sorption low. Charpy notched-bar bending impact tests are easy to perform and

have therefore been used frequently but the complexities involved in interpreting

the meaning of this type test subtract from its worth.

In tension impact tests it is readily possible to obtain elongation mnd

redaction of area to fracture in addition to energy, although it is not easy

by mechar-ioael methods of measurement to obtain data for comnlete stress-strain
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curves from impact tests. Recently, some investigators (74) have been able, by

means of oscillographic recordings, to study the load-time and load-strain

relationships in high speed tests.

Frequently the results from tension impact tests are compared with the

ordinary static tensile properties to determine the influence of rate of strain

at room temperature. For elevated temperatures most experiments have been of

the long-time creep type test with constant load. A limited number of tests

have been made in ordinary tensile testing machines at elevated temperatures

and at rates of strain attained within the standard machine speeds (30)6

Since there is a certain correspondence between the effects of time and

tezipetatute (84), theories have been developed (3, )48, 67, 112) to express

the flow stress (usually defined as the "true" tensile stress) as a function

of time or strain-rate, and the temperature, strain and certain other factors.

In order to combine the time and temperature effects, such relations have been

manipulated to provide expressions of strain-rate in terms of an equivalent

temperature (70, T1) and temperature in terms of an equivalent strain-rate

(46, 1n2). Host of the data in the literature which is Ppplicable to test

these relationships are from creen type tests but they are generally expected

to be valid also when ap'plied to datn obtained by more rrnid loading.

Because in the majority of applications materials are subjected to biaxial

or triaxial states of stress (28, 69), considerable attention has been devoted

to developing means of translating data obtained under one state of stress into

terms which correspond with data for the same material under a different state

of stress.

In addition to comparing ordinary tension and torsion tests to study the

biazial case (28, 63, 90, 100, 11)4), some investigators have subjected tubular

specimens to combinations of tension and torsion or internal pressure to set up

other desired ratios of two principle stresses (25, 47, 53, 78, 86, 104). GraphR

have been plotted of true stresses and strains in terms of their so-called
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effective, generalized or significant values; tn many cases, where anisotropy

of the material was not significant (44, ni•), general agreement between the flow

curves for different states of stress has been reported. TDhese generalized

expressions Are based on stress and strain invarients or the distortion energy

principles.

A very limited number of studies of these parameters has been reported .

in w'~hich samples were tested in compression and a few in torsion (6, 3g, 52,

63, 90). Of these, Itahara's (r2) work covers the widest range of variables

including torsion tests of many materials, temperatures up to nearly 2200F,

and strain-rates covering five orders of mapgitude.

b. Ferrous Metals: In iron and steel, temperature and strain rate probt•bl.

have their most pronounced. effect on the heterogeneous yielding and associated

phenomena. Heterogeneous yielding, the upper and lower yield points, (32, 6'.,

90, 111) time delay before plasti.c yielding (12), yield point strain (111),

blue brittleness (9, 27, 52, 71, 72, 85) and LUders lines (42, 110) have been

observed to be sensitive to time and temperature effects.

Por the range of variables usually studied, investigators (4, 16, 22, 359,

39, 49, 52, 55, 73, 74, 81, 83, 98, 105) have generally found that the tensile

strength,. yield point and the strain during yielding increase with an increase

in rate of strain or a decrease in temperature. For elevated temperatures,

strength usually decreases after the blne brittleness range is exceeded.

Although lowering the temperature is usually considered to have an embrittl--

ing effect, the opposite is frequently the case when evaluated in terms of elonga-

tion and reduction of area (4, 30) however these measurements are often erratic

(11, 110). Increase in strain--rnte has also been found to reduce elongation

and reduction. of area (9, 55) for some ranges of speed but may have the opposite

effect or none for other ranges (13, 88, 107).

The blue brittleness temperature has been observed to be elevated for
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higher rates of strain according to results of tests in torsion (52), tension

(95)9 hardness (62), crushing (93), and bending (37).

c. Aluminum Alloys: A survey of the literature on low temperature prop-

erties of aluminum alloys (4) shows general agreement concerning an increase

in strength with decrease in temperature. Elongations reported for low tem-

perature tests were generally either as great or greater than those observed

at room temperature. Values of reduction of area were reported less frequent-

ly but did not rscessarily increase with increased elongation. Breaking

energy in impact tests usually increased as temperature was reduced. Reten-

tion of ductility at low temperatures was attributed to the face centered

cubic lattic structure.

Strength of aluminum and its alloys decreases as the temperature is

raised ebove room temperature (85, S9, 92). The decrease is quite sharp

above WOOF, and at 6ooF the strength is very low. Ductility on the other

hand has been found to increase with temperature and radical increases in

elongation have been reported above 4OOF (99).

Roberts and Heimerl (92) report a hump in the yield strength vs. tempera-

ture curve for compression with a slight increase near 4OOF. The yield

strength of 24S-T, although lower than for 75S-T at room temperature, was

higher for temperatures of 400F and above.

In general, some increase in tensile and yield strengths have been ob-

served with increase in rate of straining (10, 13, 26, g5). In some instances

(9, 60, 107), very little increase or even a decrease in strength was observed

for certain speeds of testing. Ductility and energy absorption have also

shown increases with rate of strain (9, 13, 99, g9, 107) although in a few

cases only a negligible change or a reverse trend has been reported (10, 26).

d. Magnesium Alloys: Only a relatively few papers have reported studies

of the effects of strain-rate or temperature on properties of magnesium alloys

Clark and Wood (13) report increases of from 10 to 50 per cent in tensile
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strength, elongation and energy absorption in dynamic tests as compared to

static values for four magnesium alloys. According to tests by Piper (99)

the tensile strength and yield strength of MS-1 magnesium alloy decrease and

elongation increases with increase in temperature.

e. Titanium: Iven co.imercially pure titanium contains sufficient

quantities of other elements such as carbon, oxygen, nitrogen and hydrogen

to produce mechanical properties differing sharply from the really pure metalm

Strength is higher and ductility less in the commercially pure product than

in the pure metal (124). Although still only in the early stages of develop-

ment, titanium has received widespread publicity and attention. Only a few

selected references are included in the bibliography. For a more complete

bibliography on titanium see references 1, 19, 120 and 122.

Titanium in its various commercially pure forms and early alloys has

received particular attention in the moderately elevated temperature ranges.

Because it is light in weight and yet maintains considerable strength up to

100OF it offers considerable promise in replacing the other light metals in

aircraft elements in which operating temperatures exceed room temperature.

It has been shown (33, 117 ete) that the strength and hardness of titanium

decrease considerably with increase in temperature in the entire useful range,

and ductility and energy absorption in notched bar tests increase with in-

creasing temperature. There is some reduction in stiffness as measured by

the modulus of elasticity for higher temperatures and an increase at low tem-

peratures.

Graphs of tensile properties versus temperature (43, 108, 120, 323, 124)

show that the static tensile strength of comnmercially pure titanium at 100OF

is about 20-30,000 psi (120, 123, 12l4) and for some of the alloys, 70,000 psi

(123). At I4OOr where the strength of aluminum is essentially lost, the ten-

sile strength of commercially pure titanium is about two-thirds of its room

temperature value and this ratio is considerably higher for the alloys of ti-

tanium.
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Zxposure to elevated temperatures up to 1000? for periods up to 1000 hours

has no effect on the tensile properties determined at the exposure temperature

(123).

All forms of titanium respond readily to cold work and. tensile strengths

well above 200,000 psi are regularly obtained in this manner (124). Cold

working is most effective in providing increased strength for operation in the

lower elevated temperature ranges because even though the annealing temperature

is usually considered to be from 1200F to 1300F (23) considerable recrystalliza-

tion and softening take place at 1000F (64) and the strength at 100OF is no

greater for coldworked titanium than for the same alloy in the annealed condition.

To achieve correswonding strengths there is more sacrifice of ductility in work

hardening than in alloying. By these two methods higher room temperature

strength-weight ratios can be obtained with titanium than with any other metal.

The effect of strain rate on mechanical properties of titanium is not

well known. Some creen and stress rupture data are available and some impact

tests have been made.

Anisotropy in both bar (29) and sheet fame (119) currently produced will

make correlation between properties determined with different states of stress

less consistent than for other metals.

The ordinary stress-strain tests of titanium reported in the most of the

literature appear to show no sharp yield point although the possibility of

strain-aging is indicated by several associated phenomena. Pontana (29) reports

a yield point by drop of the beam in two titanium alloys and also reports S-1i

curves with sharp knees; Everhart (23) presents a strength vs. temperature

curve with a hump around 900-900?. Elements such as oxygen, nitrogen and

carbon are present in commercially available titanium and the Tiresence of these

elements is thought to be related to the sharp yield point and to the sharp

knee commonly found in S-N diagrams for mild steel.
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II. 17 IERIINTAI PROGRAM

5. Description of Testing Equipment.

a. Mechanical Features of the Torsion Testing Nwchine. The torsion

testing machine shown in Fig. 1 is the mechanical apparatus for applying a

twisting moment or pure torsional load to one end of a test specimen while

holding the other end of the specimen fixed. A weighbar is utilized to mear.

sure the torque or twisting moment at any instant during the test. The right

end of the specimen is clamped firmly in the torque weighbar. The right end

of the weighbar is held rigidly to a supporting fixture. A loading arm A is

attached to the left end of the specimen. The left face of this loading arm

clears the face of the flywheel '!* by about 3/8" in the normal position. Two

pins F extend out from the face of the flywheel to engage the loading arm or

can be retracted to clear the loading arm as the flywheel rotates. The speci-

men and weighbar are aligned so that their centerlines coincide with the axis

of rotation of the flywheel.

The rate of strain in the specimen is controlled by the speed of the fly-

wheel. A half-horsepower electric motor Y14 drives the flywheel tlhrough a

series of gear reducers labeled RI, R2, and R in Fig. 1. The apparatus as

illustrated in Fig. I is set up to obtain the slowest of the four testing

speeds used in this research and referred to as "first speed". Wlith this

arrangement R and "2 each provide a 50 to 1 reduction in speed, and R3 re-

duces the speed by a ratio of 67-1/2 to 1. The three in series provide a re-

duction of 169,750 to 1 or roughly from 1750 rpm speed of the motor to 0.01

rpm of the flywheel.

The next faster speed (second speed, 0.52 rpm flywheel speed) is obtained

by removing reducer RI from the system and moving the motor up to drive re-

ducer R2 directly. For the third speed (26 rpm), R2 also is removed, and re-

ducer 3 is driven directly by the motor. Thus a flywheel speed of 26 rm is
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produced In third speed tests.

For the highest rate (fourth speed), the reducer R 3and the coupling C

are also removed, and an auxiliary motor M2 is employed to accelerate the fly-

wheel. The flywheel is driven through a friction pulley on the motor; the

connection is maintained manually and is disconnected when the flywheel reaches

a speed slightly above the test speed. The flywheel is then allowed to rotate

freely until bearing friction and air resistance gradually reduce its sneed

to the desired rate (1300 rimm in these tests). At this time a latch is tripped

by solenoid S in Fig. 1, allowing the pins P to jump out. When extended, the

flywheel pins engage the loading arm attached to the s-necimen And anply a sudden

torsional load of high strain-rate to the specimen.

In these high strain-rate tests, the speed of the flywheel shaft is measured

by matching the freouency of a signal generated by a magnetic pickup with the

known frequency output of an audio-oscillator ("0" in Fig. 1). The magnetic

field of the pickup is varied by special depressions machined in the face of a

circular steel plate mounted in place of coupling C on the end of the flywheel

shaft. This pickup generates six approximately sinusoidal impulses per revo-

lution of the flywheel. This signal, fed into the horizontal sweep of a cathode

ray oscilloscope is matched with a signal of known frequency from the audio-

oscillator fed into the vertical sweep. The desired speed is indicated by for-

mation of an elliptical 1,1ssajous figure on the screen of the oscilloscope.

Specimens of the present design tested at 1300 rpm absorb energy at rstes

up to 11 horsepower, which exceeds the caoacity of the driving motor (Ml) used.

In the mechanism as employed at this speed the inertia of the rapidly rotating

flywheel loads the specimen. As energy is absorbed by the specimen, there re-

suits a corresponding loss in energy of the flywheel and hence a loss in speed.

For the 75S-T aluminum alloy at room temperature this change of strain.rate is

hardly noticeable because of the relatively low capacity to absorb energy before
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fracture. For tougher materials a more pronounced drop in speed is observed.

However, even for the 1018 steel tested at room temn.erature, this loss in speed

by the very enad of the test was only about 30 per cent. Though appreciable,

the change in strain-rate for this extreme case is relative•y small when com-

pared with the increment of 50 to 1 in strain-rate decrease for the next slowest

speed of testing.

b. Recording System: All pertinent data such as twisting moment and

angle of twist were recorded by use of a 6-channel Hathaway S14-A oscillograh.

This instrument is supplied with galvanometers of different frequency responses

and different sensitivities which can be readi•y interchanged to fit the range
I

of input signal expected. The deflection of light beams by the galvanometer

mirrors represents the magnitude of the quantities to be measured by the various

devices utilized. The positions of the light snots from the various galvanometers

are recorded on photo-sensitive linagraph paper six inches wide moving contin-

uous3y in the camera of the oucillogreph. This camera handles paper in rolls

of 100 ft. length.

Paper speeds from 1/9 in. per sec. to 45 in. per sec. are available with

the standard oscillograph belt and pulley combinations and, by use of special

pulleys, paper speeds as low as 1/30 in. per sec. have been obtained for the slow-

er tests. Because of limitations of the oscillograph, it was not practical to

make continuous recordings of the entire tests made at the slowest speed. There-

fore, onlv the earjy (elastic) portion of each test was recorded continuously.

After the yield strength had been exceeded, the oscillograph was intermittent3y

cycled on and off at regular intervals. The two cams on the output shaft of

reducer R2 in Pig. 1 operate microswitches for remote control of the oscillo-

graph. The circuit controlled by the right cam suýplies the power to the

recording leap, and the left cam switches the paper drive motor en and off 135

times during every two revolutions of the f~ywheel. The cwes are positioned
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so that there is a delay of about one second each time for the lamp to light

up before the paper begins to move. The record for one cam cycle consists of

a set of short parallel dashes recorded simultaneously for an interval of

about three seconds, the position of each dash representing the measurement

of one ouantity. The complete record resulting from intermittent operation is

composed of a series of these dashes for each quantity measured.

A su"mary of the instrumentation and some features of tests for each speed

are listed in Table III. The interval between time marks recorded (given under

Item 6) is varied to suit the conditions of the total time required at R given

speed and by the speed of the recording paper. M~arkings at every tenth second

and hundredth second (for third and fourth speeds respectively) are provided by

a synchronous time marking attachment built into the oscillograph. To obtain

slower frequencies, a device employing a synchronous electric clock motor was

built to provide a signal every five seconds for use with first and second

speed tests (the two slowest strain-rates),

It should be noted in connection with Table Iur that the signals from the

photoelectric cell, the 0-beam and weigh-bar bridge circuits described in the

following paragraphs are amplified before being transmitted to the galvanometer

in the oscillograph.

c. To21 Mearing Device: The twisting moment or torque at any instant

is measured by four electric resistance type strain gages mounted on the outside

surface of a hollow cylindrical steel weigh-bar in series with the specimen

(Fig. 3). The gages are connected in the form of a four-arm bridge used with

a Hathaway Strain Gage Control Unit type MRC-16 with amplifier elements of type

NRC-15C. The anplified output signal passes through one of the galvanometers

of the oscillograph for recording.

To protect the gages from excessive heat during elevated temperature tests,

the portion of the weighbar outside the furnace is hollow and tap water flows
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under the region where th* gapes are mounted and out through a brass tube

connected to the drain as shown by the arrows in Fig. 3.

In order to interpret quantitatively the magnitude of the torque from the

deflection of the trace on the record, a calibration it necessary. After some

tests, the signal from the bridge is recorded when a twisting moment of known

magnitude is applied to the xeigh-bar by means of dead weights. This can be

used to determine a calibration factor for the particular record with which

it is made. However for different amplifier settings, the factor would be

different so it is advisable to have a calibrstion for each test. The deal weight

method is not a convenient one, so a controlled unbalance of the bridge is

produced by shorting a precision resistor across one arm of the bridge. The

resistive unbalance thus produced corresponds to that produced by a definite

amount of torque, the magnitude of which can be determined by comparision with

a dead weight calibration. It is very simple to ap-ly a resistor calibration

at the end of each test either by hand or automatically.

d. Twist .easurin Devices: Because of the wide range of speeds involved

in these tests it was necessary to develop two different twist measuring in-

struments, each adapted to measure the angle of twist for a limited range of

speeds. The devices used are described separately in the following paragranhs.

Rapid Tests: For measuring the angle of twist in the tests conducted At

the highest strain-rate (fourth speed), the nickup device (see Fig. i4) employs

two thin disks of ohotographic film on which are reproduced photographically

alternate opaque and transparent sectors. These disks are individually fastened

to the sp.ecimen at points one inch apart by means of small tubular aluminum

pieces and set screws. Light projected from a bright incandescent source is

transmitted through the disks to a photoelectric cell by means of lucite rods

and n mirror (iig. 4i). The disks act as a set of multiple shutters to control

the light transmitted to the photocell. The angular displacement of one disk
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with respect to the other corresponds with the angle of twist within the one-

inch gage length. The intensity of the light transmitted through the disks

varies as one disk turns vith respect to the other. Wor disks with 2 sectors,

one sinusoidally varying cycle of light intensity is completed every 40 of twist

within the gage length. The varying intensity of light striking the photoelectric

cell causes a corresponding variation in output electrical signal of the photo-

cell circuit which, after being amplified, is transmitted to a galvanometer

in the oscillograph for recording.

Because of its light weight and low moment of inertia with respect to the

axis of twist, this type of pickup device can be used effectively for tests

involving twisting prolied suddenly at high strain-rates. It will continue

measuring the twist until the specimen breaks, even for specimens of ductile

metals which twist through several complete revolutions before fracture. How-

ever this device is not as sensitive as might be desired in the elastic range

and therefore is not used in slower sneed tests where inertia effects are not

encountered.

lower Speed Tests: The angle of twist is measured in two ways simultaneous-

ly by the device shown in Fig. 5. The angle of twist for large strains is

measured by one component making use of a slide wire nnd ridero The other

component which is sensitive to small strains, uses two electric resistance

type strain gages mounted on opposite sides of a small aluminum beam. The

beam has the form of a 3000 circular arc. The combined indicator is mounted

on two short pieces of aluminum tubing which are clamped to the specimen by min.i

of three pointed set screws threaded through each ring. NTumber 28 chromel

wire with a resistance of 4.1 ohms per foot extends as one continuous wire

around the periphery of a 2-in. diameter lucite disk mounted on the right rirz.

The circumference of the slide wire is divided into four equal lengths by

soldered connections to larger copper wires (see 11g. 6). Junctions separated
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by 190 on the circumference are at the same electric potential.

From the circuit diagram uhoi-m in Pig. 6. it can be seen that as the rider

(which is attached to the left mounting ring) moves around the circumference

of the disk, the potential output to the galvanometer varies gradually from

a maximum at points A and At to a minumum at points B and B'. The values of

resistance and voltage in the circuit have been proportioned to give a linear

resnonse in deflection of the galvanometer trace on the paper with respect to

the angle of twist. For a constant rnte of twist end constant paper speed in

the recording oscillograph, the resulting twist record consists of straight

lines forming a sawtooth-shaped contour.

The electric strain gages mounted on the "C" shaped beam form two arms

of a bridge which provides sensitive measurements of twist during the initial

(elastic) portion of the test. A screw with a knurled head is threaded through

a small block at the end of the riding arm attached to the left mounting ring.

One end of the 0-beam is fastened to the lucite disk, and the beam is oriented

so that the point of the screw on the rider contacts the 0-beam near the free

end. Before a test, the screw is turned up to deflect the beam about one-fourth

inch. As the specimen is twisted, the rider and screw gradually release the

initial deflection of the spring. The signal from the strain gage bridge thus

produces a deflection of the trace on the recording paper which is proportional

to the angle of twist. After an optional angle of twist of up to about 15, tn.-

initial deflection is completely released and the screw moves away from contact

with the 0-beam. The beam is pivoted so that it drops down to clear the rider

and screw on subsequent revolutions. For calibration purpases, a resistor is

shorted across one arm of the strain gage bridge. The resulting signal pro-

duced corresponds to a definite angle of twist carefully determined from previoue

calibrations.

The combined data from these two components provide twist measurements
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with the accuracy and range required for both the elastic and plastic defor-

matlon.

Elevated temperatures: There was no simple means of making twist maR-

surements over the one-inch gage length inside the furnace for elevated tem-

perature tests. Therefore it was necessary to depend on measurements of the

over-all twist which could be made from outside the furnace. Since all bars,

shafts, connections, etc. in the system were very stiff compared to the stiff-

ness of the specimen, the angular rotation of the flywheel shaft could, for

practical purposes, be considered to be taken up entirely in twist within the

1-15/16" reduced length between the shoulders of the specimen. For room tem-

perature tests, both "flywheel twist" and gape length twist were recorded and

from these measurements a constant determined for the ratio of the total (fly-

wheel) twist to the twist within the gage length. Since specimens were geo-

metrically identical and the temperature was known to be uniform along the

entire reduced length of the specimen, it was assumed that this constant was

the same at all temperatures. Gage length twist for elevated temperatures

was computed by dividing the flywheel twist by this twist ratio.

For third and fourth speeds, the flywheel position was recorded from the

output signal from a small magnetic pickup and a gear on the flywheel shaft.

As each gear tooth passed by the magnetic pickup, it disturbed the magnetic

field setting up a current which produced a deflection of the mirror in one of

the galvanometers in the oscillograph. The cyclic trace recorded had one

cycle for each tooth that passed the pickup.

Por the two slowest tests (at first and second speeds) the position of

the flywheel or over-all twist was indicated by an impulse produced by a cam

on the output shaft of reducer R2 shown in Fig. 1. One impulse was recordse

for each 5.330 rotation of the flywheel.

e. Sequence Control S&stem: The time required to break the specimen in

the tests at the highest strain-rates is quite short; for example, the total

time required to fracture specimens of 75S-T aluminum at room temperature at tbu
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two highest strain,-rates is approximately 0.02 and 1.0 seconds, respeotive3r.

In order to record intelligible data in these short time intervals, a high speed

of the oscillograph paper is necessary. A velocity of 45 inches per second is

the maximum which can be readily obtained with the oscillograph used. In order

to nvoid using, say thirty or forty feet of paper per test of which a length of

only a few inches contains the entire useful record, a rather intricate sequence

switching system was developed. The control motor and attached switches are

shown in Fig. 7.

The cam shaft C is driven by the small motor A through the gear reducer 1.

There are three cams mounted on the shaft C, the angular position of each can

be set independently. Mhe motor A (and the whole test sequence) is started

by pushing the reset button on micro-switch E. After one revolution of the

cam shaft, the motor is witched off automatically when the plunger 1), operated

by the cam nearest the motor, depresses the pin on the face of the microuwitch E.

During this one revolution, the cam at the outer end of the shaft operates

the maltiple pole switch P which controls or actuates three circuits whose

functions are:

1) to actuate a solenoid to release the brake on the oscillograph paper

drive-

2) to turn on the motor to drive the recording paper;

3) to turn up the brilliancy of the oscillograph lamp for recording.

This outer, cam is adjustable so that the length of time the recording paper

is to run can be set in advance. At the end of this time, the paper drive

motor is automatically turned off, the brake applied, and the recording Limp

dimmed.

The test is initiated when two pins in the rotating flywheel are released

to jump out and engage the loading arm that is attached to the end of the speci-

men. These pins are released by a trigger actuated by a solenoid in a circuit
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closed by the middle cam on the control mechanism shaft (Fig. T). By adjusting

the angular position of this cam relative to the outer cam, the proper time

delay can be preset to allow the oscillograph paper to get up to speed before

the pins are tripped to start twisting the specimen.

For the third speed tests (when the total test time is several seconds)

the cams are oriented to stop the control motor with the outer cam in position

to leave the oscillograph and paper running. A second mhltiple switch, opemtig

automatically when the specimen breaks, opens the circuits to stop the oscillo-

graph -nd paper drive. This switch is not showm in Fig. 7.

This automatic sequence control system was used only for third and fourth

speeds. For the slower speed tests, time intervals involved were long enough

that manual control was satisfactory.

f. Furnace and Controls: An electric furnacs was employed to provide the

ambient temperatures required for elevated temperature tests. It was designed

to provide a minimum of variation in temperature along the length of the speci-

men. A photograph of this furnace and control panel is shown in Fig. 10. A

diagrammatic sketch of the furnace showing pertinent dimensions is given in Fig.

8. The heating coils are wound with platinum wire and the power to the four

elements A, BL, L% and C can be controlled individually.

Extra length for insulation was allowed at the right end of the furnace

to compensate for extra heat losses in the weigh-bar due to water cooling. How-

ever, it was necessary to control the proportion of heat input to the differ-

ent zones of the furnace to obtain optimum uniformity of heating along the

length of the specimen. Experiments were made with several differunt circuits

for connecting the heating elements. The circuit illustrated in Fig. 9 proved

to be best fitted to the requirements. It is simple, utilizing only one con-

troller, yet flexible enough for easy adjustment to compensate for different

conditions encountered at the different temperatures. The controller employed
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vas a 1fheelco Capacitrol ('•odel 292) of the on-off type. The notation in

rig. 9 is as follows:

S- green pilot light

PR - red pilot light

R1 - heater type resistor, allows
a limited continuous current

V - Voltmeter
0

A - Ammeter
m

R2 - variable resistance, allowing a portion
of the current to by-pass coil A.

A,BL,'RC - heating coils. (A, at the loading arm

side; C, nearest the weighbar)

The setting of the variac determines the current during the son" period

of the heating cycle and the value of R1 determines the current during the

"off" period. The value of R is adjusted so that the temperature is the
2

same at the two ends of the specimen.

In experiments to check the uniformity of the temperature in the fur..

naoep ahromel-alumel thermocouples were peened into the surface of a dunm

specimen. By using five such couples, the temperatures were measured at the

following five locations along the length of the specimen: at the center,

at points 1/2 inch to either side of the center (i.e., at the ends of a

one-inch gage length), and at points at the base of the end fillets. It

was discovered that for higher temperatures, a larger proportion of the cur-

rent was required by coil A to keep the left end of the specimen at the

same teaperature as the right end.

Using settings determined in the experiments described above, uniform-

ity of temperature along the entire reduced length of the specimen is main-

tained within about two degrees Fahrenheit for lower temperatures and withiu

ten degrees at the highest temperatures (1200F) required in this program.
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6. Interpretation of Oscillograph RecordSo

Two typical oscillograph records obtained in room temperature torsion

tests are shown in Figs. 11 and 2Z The traces representing each quantity

recorded are labeled and some of the measurements made from the record are

illustrated. Fig. 13 shows the curves for twisting moment vs. angle of twist

plotted from measurements obtained from the record in Fig. 11. A set of

sample calculations have been included as Table IV to illustrate how each

physical quantity is computed from the data read from the oscillograph rec-

ords.

For elevated temperature tests, the quantities recorded are the same

except there are no direct twist measurements for the one-inch gage length.

Since ductility is generally substantially grester at some of the elevated

temperatures, longer records resulted and in some oases paper speeds were

reduced somewhat to prevent them from being unreasonably long.
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7. Presentation of the Data,

Although this study was primari•y in torsion, ordinary room-temperature

static tensile tests were conducted to provide a means of establishing the

general material properties in terms of the more standardised type tests.

The tensile tests were performed by employing an Amsler testing machine of

the hydraulic type. The tensile properties as determined by tests of three

srecimens of each material are given in Table II. Sample stress-strain

curves for each metal are given in Figs. 14i and 15. Fig. 15 shows the ordi-

nary stress-strain curves and Fig. 14 the "true" stress-strain curves accor-.

ing to the following definitions:

a P ordinary stress P l load

SAo area before loading

A = actual (minimum) areaP.
at = R= *true stress" = original gage length

Ct = In &a "true strain" = actual length

A pronounced yield point was observed in tensile tests of both steels and

both titanium alloys tested whereas a smooth stress-strain curve was ob-

tained for the magnesium and aluminum alloys (Fig. 15).

The accuracies of the values of the torsional properties reported here

are governed by the instruments and methods used to record and interpret the

data. Torque values depend on the faithfulness of the pickap and amplifier

circuits, on the accuracy of calibration and on the precision with which

values are scaled from the records. Large angles of twist in the gagelength

can be measured at room temperature with an accuracy of about 1 or 2 degree;wS

but at elevated temperatures the error may be somewhat greater if the rela-

WAC T•L 5)-10 22



tive distribution of strain along the length of the specimen changes with

temperature. The per cent error in measurements of small angles of twist

was somewhat higher depending on the rate of travel of the recording paper

as compared to the rate of strain. In general the values determined repre-

sent the property exhibited in the sample with an error of no more than six

per cent. In a few instances there was reason to believe the error mEy have

been somewhat larger than six per cent, but in most cases it was substantial-

ly smaller.

The torsional properties determined in this investigation are discussed

briefly in the following sections.

a. Eplanation of the Torsional Properties Reported.- Ix determination

of the properties for torsion the strain at a given section is assumed to

vary in direct proportion to the radial distance from the central axis; all

computations for stress and strain apply to the material at the extreme fiber

or periphery of the test section. As illustrated in the Sample Calculations,

Table IV, the properties reported in terms of stress units (psi) are all com-

puted according to the elastic relation - w T/(J/c), where: 7 = strength

property (proportional limit, yield point, etc.) in psi.; T = Torque (or

twisting moment) in lb-in.; Jfc = section modulus of minimum section of

specimen in in 3 .

In cases where the contour of the torque-tvist curve was smooth during

the initiation of inelastic deformation the "yield strength" was determined

from the torque corresponding to an offset of 0.2 per cent shearing strain

(or approximately 0.920 twist in the T vs. 0 diagram).

The upper and lower "yield points" were determined for tests in which

the observed torque on the test specimen dropped suddenly at the beginning of

yielding and then increased again as twisting progressed further. The values

of yield points recorded are based on the torque at the maximum and minimum

points in this region of the torque-time record.
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The modulus of rupture by definition is calculated from the same equa-

tion by using for T the maximum resisting torque developed during the test.

The shearing strain Y was computed from the angle of twist Of in ra-

dians+ within the gage length t and for a radius c by the relation:

c6 (1)

Application of this relation for determining strains for large angles of

twist may be questioned (63). However it is considered to give an accuracy

consistent with other assumptions on which the present calculations are based

and is useful here because of its simplicity.

The values of 'energy absorbed" that are jabulated represent the total

energy to fracture for the one-inch gape length and not the energy or unit

volume as usually reported for tension tests. Because of the strain gradient

in the torsion specimens the energy absorption would be highest in the ma-

terial at the circumference and less for points nearer the axis.

b. Evaluation of the Proportional limit: - Although the values of the

proportional limit were determined for each specimen, they are not shown

graphically or considered in the analysis since this property is so indefi-

nite. Although it is affected by the rate of strain, it has been pointed

out (103) that the proportional limit measured depends also on the type of

testing machine, sensitivity of extensometer, scale to which results are

plotted, the personal element in choosing the point of departure from a

straight line, and the presence of small amounts of residual stress, cold

work etc. Dolan and Sidebottom (19) have pointed out some of the difficalb-

ties encountered in detecting the actual point of departure from linearity

+ 81 is used to indicate the angle of twist in radians; 0 without the prime
is reserved in this manuscript to represent the angle of twist expressed
in degrees.
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when a stress gradient exists.

The proportional limits determined were based on the departure from

the straight line in the curve representing torque versus angle of twist.

For certain combinations of circumstances, mainly at elevated temperatures

and high strain-rates, where the initial rise in torque was very rapid with

respect to the speed of the paper in the camera of the oscillograph, the

end of the linear range was the only point that could be accurately plotted.

In such cases the proportional limit represents the end of proportionality

of the torque-time relationship which coincides exactly with the proportion-

al limit for torque vs. strain only when the strain-rates are perfectly con-

stant,

It was observed from the original data that the scatter in proportional

limit for the individual specimens for a given set of conditions was general-

ly greater than is observed for yield strength or modulus of rupture.

a. Determination of the Modulus of Elasticity: In calculation of the

modulus of elasticity or modulus of rigidity, the slope of the linear portion

of the stress-strain or torque-twist curve must be determined. This calcula-

tion involves taking the ratio of an ordinate and abscissa with magnitudes

of the order of the proportional limit stress and proportional limit strain

respectively. The proportional limit stress is a large proportion of full

deflection in the torque record and therefore can be measured with reasonable

accuracy. This was not generally the case for the strain increment. For

test conditions which did not develop large amounts of ductility, the pro-

portional limit strain was only about 5 per cent of the total strain during

the test; for specimens having great ductility the proportional limit strain

was as small as 0.03 per cent of the total strain. It is clear that, for

continuous recording, a speed of oseillograph paper that would stretch the

record out sufficiently to provide reliable measurement of the proportional

limit strain would be prohibitive in length to record the entire test.

WADO TR 53-10



Only in first speed tests were the time intervals long enough to per-

mit a switch from continuous recording during the elastic deformation to

intermittent recording for the remainder of the test in order to stretch the

length of the record for the elastic deformation but shrink the length of

the record for the plastic deformation. Therefore, the first speed tests

were the only ones in which any effect of elevated temperature on the elas-

tic stiffness of the metals could be measured.

Shearing modulus of elasticity measurements were determined for room

temperature tests and conformed reasonably well with generally accepted

nominal values. However it is generally felt that only a limited signifi-

cance should be attached to values of modulus of elasticity determined from

such.a short gage length (one-inch).

Because of the considerations which have been outlined above, no values

for modulus of elasticity are included in this report.

d. _.lation of the Iraphs: The magnitudes of the properties msea-

sured in these experiments are plotted in the graphs given in Pigs. 16-59-

Except where otherwise indicated, each point plotted in these figures repre-

sents the average from three or more tests. Curves are sketched in to show

the average trends in the data. Since the variation of each property with

the two parameters of strain-rate ind temperature was studied, most of thase

graphs are three dimensional plots; each graph is intended to show the co-.

bined effects of the two parameters on one property of a metal. However,

some two -dimensional plots are included to aid in visualizing magnituedes

and to show certain individual effects more clearly. The temperature in

Fahrenheit in these graphs is plotted on a uniform linear scale whereas the

rate of strain is plotted to a logarithmic scale. Since the rptio of azw

two consecutive testing speeds was 50:1 the scale used for rate of strain

is linear with respect to the speed number.

In all graphs where both solid and open circles are used, the data
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represented by the solid black circles refer to the series of tests in which

specimens were heated to the temperature specified for the test and held at

this temperature for one half hour before the beginning of loading. This

condition is referred to as "umaged". Open circles refer to the series of

tests made on specimens which were given the 200-hour aging treatment at the

test temperature prior to the test. Except in special cases, mainly for

aluminum, where both curves are shown, the curves sketched are intended to

represent the average trend of the data for the solid points. In graphs in

which only one set of symbols appears, the symbols represent the data for

unaged specimens.

Fig. 35-b shows. a family of curves which illustrate the effect of tempe%-

ature on the yield strength of 75S-T aluminum alloy in torsion tests. Each

curve shows the variation of yield strength with temperature at one given

rate of strain. Subscripts for strain-rate o are in accordance with the

usual speed notations designated as follows:

11 = 0.0001 in./in./sec. = first speed

"Y2 - 0.005 in./in./sec. = second speed

Y3 = 0.25 in./in./sec. = third speed

4 = 12.5 in./in./sec. = fourth speed

Fig. 35-a shows the same data replotted to show the variation of yield

strength with rate of strain for each temperature. The data in Figs. 35-a

and 35-b are combined in the three-dimensional plot in Fig. 36 and experi-

mental values for unaged specimens are represented by the solid black dots

and solid curves. The vertical planes are shaded to illustrate hor, the two-

dimensional curves in Fig. 35 fit into the three-dimensional plot (viewed

from front and left).

The open circles and broken curves superimposed on the graph in Fig. 36

show the yield strengths for specimens which were given an aging treatment

of 200 hours at the test temperature before being tested.
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In ?ig. 3T the modulus of rupture for the 75S-T aluminum alloy is plot-

ted in the same manner as the yield strength in Pig. 36. Figs. 39-a and b

illustrate how the variation in total shearing strain to fracture is affected

by rate of strain and temperature respectively; the combined three-dimen-

sional curves are shown in Pig. 39. Fig. i1 shows the energy absorbed to

fracture for the same material and test conditions.

Similar curves are shown in Figs. 16-34 and 42-59 for the other six

metals tested. In tests of WhZ 1018 steel a sharp break in the toroque-twist

curve was observed at the yield point for certain temperatures and rotes of

strain (Figs. 62, 63 and 66). In these cases upper and lower "yield points"

were determined. At high temperatures and slow' rates of strain, however,' the

torque did not drop during yielding but increased continuously. In the lat-

ter cases a yield strength based on 0.2 per cent sheRring strain offset was

computed. The "yield strength" plotted in graphs such as Figs. 16 and 17

represents the "lower yield point" when present, or the offset yield strength

for instances in which no sharp yield point was observed.

Some of the torque-twist curves for titanium also exhibited maximum and

minimum points in the region of initial yielding (Figs. 64 and 65); thus,

upper and lower yield points were determined ris in the case of SAE 1018 steel.

This phenomenon was not observed for all temperatures and strain-rates; there-

fore, the curves for yield strength in Figs. 4T and )49 are plotted in the

same manner as described above for SAE 1018 steel.

The influence of temperature and rate of strain on the magnitude of the

drop in torque at yielding is illustrated in Fig. 23 for 1038 steel and Fig.

53 for RC-70 titanium. In these figures the "Y.P. Ratio - 1" represents

the decimal fraction by which the ratio of the upper yield point to the 'lower

yield point exceeds unity. It can be seen that the maximum ratio of upper to

lower yield point for RC-70 titanium occurs at different temperatures rend
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speeds than for the 1015 steel.

8, Discussion of Results.

Because of the wide differences observed in the behavior of the metals

studied here, the experimental results for each metal are discussed separ-

ately in the following sections.

a. SAE 1015 Steel: The SAE 1031 steel was received in hot rolled round

bars 5/9 in. in diameter and fulfilled the specifications set up in Spec.

AT-QQO-S-6I46. Its specific gravity was about T.96. The chemical analysis

as furnished by the manufacturer is included in Table I. Specimens were

machined from the bars in the condition as received without further heat

treatment. This metal falls under the classification of mild steel and,

because of the vast amount of study already devoted to this type of metal,

most of the tendencies exhibited in the present study have been observed be-

fore. Unfortunately however, despite the extent of previous research, the

mechanisms governing the characteristics observed have not all been deter-

mined.

Strength: The experimental results plotted in Fig. 18 show that, for

temperatures of 70OF and below, the strain-rate had little effect on the

modulus of rupture of 1015 steel, but for 100OF there was a marked decrease

in strength with decreasing speed. This latter temperature probably was

sufficient to allow a substantial amount of softening or recrystallization

which progressed more completely as time went on, therefore very little bene-

fit was derived from work hardening; whereas the rate of recrystallization

was too slow at temperatures below SOOF to produce measurable effect before

fracture.

Strength was higher for temperatures around 40OF than at room tempera-

tare, as is expected for strain aging materials, and was progressively lower

for temperatures above about 400Y. The lowest strengths measured were for
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the highest temperature and the slowest speed.

The yield strength or yield point, Fig. 17, itas more sensitive than the

modulus of rupture to rate of strain, since initial yielding in this type

of steel is through development and propogation of Miders bands, a highly

timb-dependent phenomenon. For more rapid loading or lower temperatures

higher elastic strengths resulted.

The yield point ratio, defined here as the ratio of upper and lower

values of torque in cases where yielding was accompanied by a sudden drop

in the torque, showed considerable sensitivity to. both temperature and time

(Fig. 23). It is well known that the upper yield point (and hence the ratio)

is also affected by factors other than speed and temperature. In tension

tests the magnitude of the upper yield point depends on the machine used, a

"hard" or stiff machine giving higher values than a "soft" machine which

tends to iron out the Jog in the force-deformation curve. The occurance of

an upper yield point depends on the geometry of the specimen, the surface

finish, etc. A more complete discussion and review of the literature on the

yield point phenomenon is given in Ref. 66.

The yield point is generally considered to be related to strain aging

and is associated with the presence of carbon and nitrogen in the steel.

The detailed mechanism which results in the observation of a yield point is,

howevernot clear. One explanation based on the theory of dislocations (14)

attributes the sudden yielding to the tearing free of dislocations from

"atmospheres" of solute carbon and/or nitrogen atoms, leaving the disloca-

tions mobile and able to produce rapid flow under smaller forces. The force

required to release a dislocation from its atmosphere is less at higher tem-

peratures due to the added thermal energy present.

Ductility: Ductility of 1018 steel as measured by the total shearing

strain was found in general to increase with higher temperature and longer
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time (slower rates of loading) except as modified by the b lue-brittleness

effect at intermediate temperatures. These trends are illustrated in Figs.

19 and 20.

Blue-brittleness shows up as a lowering of ductility for moderately

elevated temperatures which would otherwise be expected to increase ductil-

ity. This usually occurs over a fairly wide temperature band so that the

minimum point for one set of data might be chosen anywhere within a range

of a hundred or more degrees. An increase in strength frequently accompa-

nies the loss in ductility in this temperature range but not always to the

same degree. The maximum strength is usually observed at a temperature

slightly different from the minimum ductility.

Blue-brittleness is considered to be the result of strain aging (27,

64, 59) and the temperature at which it occurs is a function of the rate

of straining. Fig. 60 shows the temperature for minimum ductility plotted

versus rate of strain for data scaled from the curves in Fig. 19. For the

sake of comparison, a few data from the literature are also plotted in Pig.

60. Data from all three sources fall within the same general scatter-band

represented by the dashed lines. The general trend of this scatter-band can

be expressed mathematically in the form

A e (2)

or

TR = B (3)

0- Ini

where A, B and C are constants, • the shearing strain-rate and TR the abso-

lute temperature in Rankine units. Eraluating the constants for the solid

average line in lig. 60 we find A = 1.77 x 101, B = 3.25 x 10 , C = In A=

29.2. Equation 3 then becomes
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32,22(14)

28.2 - In

Other investigators (27) report qualitative agreement that the blue-brittle

temperature increases with rate of strain but in most cases the actual rates

of strain are not reported. The scarcity of strain-rate data is probably

because it is very difficult to determine reliably the rate of strain in the

bending impact test or tension tests in which necking occurs. The blue-

brittleness phenomenon has not been observed in non-strain-aging metals.

b. SAE 143o0 Steels - The SAM 1430 steel was received in the form of

hot-rolled round bare 5/9 in. in diameter and fulfilled the specifications

set up in Spec. MIL-S-5000. The specific gravity was about 7.83. The chem-

ieal analysis as furnished by the manufacturer is given in Table 1. This

alloy steel can be heat-treated to very hiph strengths but (for the purpose

of comparison with the annealed titanium alloy) was quenched in oil from

1500 and tempered at 113OF to give a hardness of approximately 33 Rockwell

C which corresponds with an ultimate tensile strength of about 150,000 pti.

In this condition the 14340 steel exhibited a sharp yield point in tension

and considerable ductility.

Strength: The experimental results illustrated in Figs. 214-26 show

a rather consistent decrease in yield strength and modulus of rupture with

increasing temperature and decreasing strain-rate over the entire range of

both parameters. The loss in strength was somewhat more rapid at tempera-

tures above about 70O?. Strength was sustained at higher temperatures for

4340 steel than the other metals tested here.

Dactilitys Fig. 28 indicates that a general increase in total strain

accompanied an increase in temperature at every rate of twisting; in 7ig. 27

it can be observed that the strain also increased when the strain-rate was

decreased.
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Large strains were developed at 1200F, particularly for the two slower

speeds. It can be seen in Fig. 28 that at 1200F and • - 0.0001 in./in./sec.

fracture occurred with somewhat less strain than for the next faster rate.

c. 24S-T Aluminum Alloy: In the manufacturing process the 24S-T alu-.

minum alloy was formed into round bars 11/16 in. in diameter by, hot rolling

and then cold drawn to the final diameter of 5/9 in. before solution heat

treatment. This metal fulfilled the specifications set up in Spec. cq•-A-354.

The chemical analysis as supplied by the manufacturer is given in Table I.

The specific gravity of the 24S-T alloy is 2.77. This alloy was in the con-

dition designated T4 indicating that it was not artificially aged by the

manufacturer but had been given a solution heat-treatment. The recommended

treatment for increased strength of this alloy includes cold working followed

by a precipitation heat-treatment at 375F. In the T4 condition natural ag-

ing is known to occur at room temperature and further aging will take place

at moderately elevated temperatures.

The properties of the aluminum alloys at normal and elevated temperature

are influenced to such a large extent by precipitation aging after solution

heat-treatment that a brief and simplified discussion of this phenomenon is

presented here and used as a basis for explaining some of the results ob-

served in experiments.

Precipitation: In several aluminum alloys in which the principal alloy-

ing constituent shows a marked increase in solubility at elevated tempera-

tures, heat-treatment affords a means for additional improvement in strength.

The commonly accepted explanation for the mechanism through which this

strengthening or hardening is achieved seems to be in accord with the be-

havior observed here.

11hen the metal is heated to a temperature of about 900? the alloying

constituents go into solution and diffuse throughout the matrix providing a
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nearly homogeneous solid solution. Upon rapid cooling or quenching the

hardening elements are not allowed sufficient time to precipitate from solid

solution in accordance with their reduced solubility at the lower tempera-

ture but remain in supersaturated solution. As time passes however these

constituents gradually precipitate out at a rate which shows marked increase

at temperatures slightly above room temperature. These tiny particles are

evenly distributed throughout the matrix when they form and tend to inhibit

slip, thus reducing ductility and increasing strength and hardness. By a

limited increase in time or temperature in the proper combination, the num-

ber and size of these precipitated particles (and the hardness) are increased.

However with further increase in time or temperature the particles begin to

coalesce into larger particles which are not as effective as the smaller,

more dispersed particles, in hardening the metal. This progressive precipi-

tation and initial coalescence which results in hardening is often referred

to as aging, and when allowed to proceed to excess, is called overaging.

Strength: The yield strength of 24S-T aluminum alloy was slightly in-

creased at elevated temperatures up to about 40OF as compared to room tem-

perature values for all speeds of testing as shown in Figs. 30 and 31. This

is evidence that aging occurred during heating and during the half hour at

the test temperature before the torque was applied. The differences in the

duration of the tests at the varidus speeds was not sufficient to influence

appreciably the aging effect observed. At 400F more precipitation undoubted-

ly took place than at 20OF but it was offset by the normal weakening effect

of this increased temperature; approximately the same strength resulted at

both 200P and 4OOF.

At 60OF a marked decrease in yield strength was observed. This was the

result of the ordinary softening effect which occurs at elevated tempera-

tures, and possibly combined with a limited amount of over-aging. Only at
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the highest temperature (600F) did the increase in strain-rate appreciably

increase the yield strength of 24S-T aluminum. In room temperature tbcts,

a larger increase in yield strength was observed at fourth speed than would

be expected. Careful re-examination of the oscillograph records indicates

that this increase may be partly attributed to interpretation of the record.

If it had been possible to obtain higher rates of travel of the record paper

a slightly earlier departure from linearity would have been revealed in this

instance. At slower rates of deformation both the elastic and maximum

strengths were lowered. There was more time at slower strain-rates for flow

of the grain boundary material etc.

As the temperature was raised, the modulus of rupture (Pig. 32) began

to decrease at about 200. This was a lower temperature than that at which

the yield strength began to diminish. Probably recrystallization and other

softening tendencies progressed during the plastic portion of the tests at

temperatures above 200 to an extent that prevented the full increase of

strength from strain-hardening which occurred at lower temperatures.

Ductility: As shown in Pig. 33 there was no general increase in the

total strain to fracture in 24S-T specimens as the temperature was increased

up to about 500F. Any aging which tends to maintain the strength at ele-

vated temperatures also tendi to prevent an increase in ductility. Hence the

observed variations in strength and ductility were consistent.

At 600? over-aging and recrystallization contributed to large increases

in ductility at all four strain-rates. Except for a slight decrease in due-

tility at the highest strain-rate the rate of strain had no effects on duc-

tility that were consistent for any two speeds of straining.

d. 75S-T Aluminum Alloy: The 75S-T aluminum alloy was received from

the manufacturer in the form of round bars which had been hot rolled to

11/16 in. diameter and then cold drawn to the final diameter of 5/9 in.
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The 75S-Y alloy fulfilled the specifications set "up in Spec. MA.A-ll. The

chemical analysis as supplied by the manufacturer is given in Table I. The

specific gravity of the 75S-T alloy is 2.80. This alloy was in the condition

designated T6 indicating that it had been solution heat-treated and was arti-

ficially aged for 24 hours at 25OF by the manufacturer.

Strength: The strength of 75S-T aluminum alloy as measured by yield

strength or modulus of rupture in torsion was only slightly less at 20OF than

at room temperature (See Figs. 35, 36, 37). A slight strengthening effect

from additional agi:rg seems to have taken place at 2001 to offset the dele-

terious effect of the temperature increment so that the strength was main-

tained almost equal to that at room temperature. This temperature is not

sufficiently high to expect overaging to occur during the time intervals

encountered here.

The tests at 4O007 were appreciably above the normal aging temperature

for this alloy and therefore overaging was probably pronounced enough to

add to the ordinary weakening effect of temperature, particularly for the

lower rates of strain. 6OOF expressed in absolute units is 10660 Rankine

or about two-thirds the absolute temperature of the melting point of this

alloy. At this temperature the metal was quickly overaged and recrystalli-

zation or softening was rapid; it is weakened to such an extent that the

strengths observed were very low. The 75S-T alloy was no longer stronger

at 6OOP thani other aluminum alloys which exhibit considerably lower strengths

at room temperature.

The ratio of yield strength to modulus of rupture was highest for the

highest temperature and lowest rate of strain. The maximum torque occurred

at a very small per cent of the total strain for this condition* Probably

a continuous recrystallization accompanied the deformation end its weakening

effect progressed more rapidly than the strengthening effect due to strain
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hardening. The strain hardening capacity of the T5S-T alloy was relatively

small at room temperature as shown by the small slope of the tensile true

stress-strain curve illustrated in Fig. 1l

WIhen loaded at room temperature there was no overaging. Any relaxation

or creep took place slowly and there was a gradual increase in resistance to

deformation as a result of work hardening so that the maximum torque was

reached near the end of plastic deformation.

Ductility: For temperatures up to 400P the increase in ductility (Figs.

39 and 39 corresponded very closely with the decrease in strength. The

marked increase in ductility at 60OF at fourth speed over that for lower

temperatures was expected to result from overaging and from recrystallization

which could take place readily at this temperature as the crystals were de-

formed. At third speed. the additional time allowed more complete recrystal-

lization; conditions were optimum for unrestrained or maximm plastic flow.

About 800 per cent shearing strain was reached in third speed tests before

fracture.

However, when the rate of deformation was less than at third speed

(second and first speeds) a combination of factors produced an embrittling

tendency which has been observed (99) in creep and stress rupture tests where

a decrease in ductility resulted from increasing the duration of the test.

One possible explanation for this behavior arises from the fact that the rate

effects are not the same within the grains or crystals as for the grain

boundary material. It has been observed (82) that in some cases for elevated

temperatures a great deal of slip and deformation of the crystal occurs at

one speed and a ductile failure results, whereas at a higher speed less slip

is observed and the fracture surface follows the grain boundaries. These

observations are in agreement with the ductilities measured here in 6007

tests of T5S-T aluminum.

e. FS-1 Majheslum Alloys This alloy was the lightest in weight of awy
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metal tested (Sp. gr. - 1.77) and lowest in tensile strength. The material

was received in the form of 11/16 in. diameter round bars nnd was the only

metal included in this study that was fabricated by the extrusion process.

This alloy it sometimes designated No. AZ-313 and fulfilled the specifications

set up in Spec. AN-M-27, It was not solution heat-treated or given any other

heat-treatment after extrusion so that any cold work induced by the extrusion

and stretching phases of the operation were not removed from the metal before

the specimens were prepared. The chemical analysis as furnished by the manu-

facturer is given in Table I.

Strength: The torsional strength of the MS-l magnesium nlloy shown in

Tigs. 42-414 was very low. The linear portion of the torque-time or torque-

twist curve was very short. Despite large amplification of the signal from

the torque weighbar bridge, the curvature of the torque trace appeared to

begin almost at zero torque, especially for elevated temperatures.

There was a general decrease in yield strength with increase in tempera-

ture for all speeds of testing (7ig. 142) although the rate of decrease was

moderate. Strain-rate had a distinct influence, higher yield strengths being

observed at the higher rates of deformation. The rate of loading is signifi-

cant at all temperatures since pure magnesium creeps at room temperature (99).

rzctility: At room temperature the ductility was relatively low, being

comparable to that of the 75sS-T aluminum alloy. At higher temperatures the

ductility (Fig. 145) increased, particularly at the slower rates of deforma-

tion. The deformation mechanism can be either by slip or by twinning. Be-

cause of the preferred orientations developed in the extrusion process, slip

is easiest when the shearing stress is the direction of certain favorably

oriented planes.

The fact that the FS-1 exhibited a continued increase in ductility and

a decrease in strength. as the temperature was raised may be taken as an
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indication that there was no precipitation aging or over-aging as is observed

in the aluminum alloys tested here and of some other magnesium alloys. For

the magnesium alloy the maximum strain of about 700 per cent occurred at

60OF for the lowest strain rate (Fig. 45)"

f. ROw-70 Titanium: This metal was designated~commercially pureR, a

term which does not restrict its composition within close limits. The chem-

ical composition as determined by the manufacturer is given in Table I. Its

specific gravity is 4-5. It was received in the form of round bars 5/9 in.

in diameter which were hot rolled and annealed by the manufacturer.

The relative newness of commercial availability of titanium has meant

that, until recently, very little was known of its mechanical properties.

Characteristics considerably different from those observed for the alloys

of steel and aluminum were revealed in the current studies.

Strength: The graphs in Figs. 47- 149 illustrate the sensitivity of the

strength of commercially pure titanium to time and temperature effects. In

general, there was a marked increase of yield strength with increase in speed

of testing for all temperatures. There was a substantial decrease in yield

strength with increasing temperature for all speeds of straining. However,

the rate of decrease of yield strength with temperature for RC-70 was a de-

creasing function so that the loss of strength is less rapid with respect

to increase in temperature at the higher temperatures than at the low. This

is the opposite of the tendency observed for 75S-T aluminum alloy for which

the loss of strength became very rapid for temperatures above 4OOP.

Since 570F is sufficient to provide stress relief of commercially pure

titanium in an hour (123), it is logical to assume that considerable relax-

ation of stress and loss of strength would occur even in rapid tests at 700P

or slower tests at as low as 1001.

The contour of the torque record in the region of the upper and lower
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yield points for RC-70 titanium appears to be somewhat different from that

for 1018 steel. The initial portions of typical oscillograph records for

tests of RC-70 for each of the test conditions are illustrated in Figs. 614

and 65. There was no sharp break to indicate that the torque decreased sud-

denly during yielding. For the fourth speed tests the recording paper speed

was not rapid enough relative to the rate of deformation to show accurately

the contour of the curve during yielding.

It has been pointed out that for 1019 steel (see Figs. 62 and 63) the

drop in torque during initial yielding was sudden whenever any decrease was

observed. It appears then that the yielding mechanism which has been inves-

tigated at great length for low carbon steels (but is still not clearly under-

stood) might be somewhat different from the mechanism responsible for yield-

ing at a reduced stress in titanium.

No drop- in torque at the yield point was observed in room temperature

torsion tests of RC-70 titanium at any speed. However, this phenomenon was

observed in tests at elevated temperatures, particularly at the more rapid

rates of strain (Figs. 64 and 65). Similarly the yield point effect in

titanium alloys in tension has been observed to disappear at low tempera-.

tures (29).

Dnctility: The ductility of the RC-70 titanium shown in Fig. 51 appears

to be nearly the same for all temperatures and speeds except for the two

slowest speed tests at IOOOF. This was true for both aged and unaged speci-

mens. Thus for the times and temperatures involved here there was no radi-

cal embrittlement due to absorption of hydrogen, oxygen or nitrogen from the

air. It is generally considered that extended exposure at temperatures wome-

what above lOO1F is required for absorption of sufficient quantities of

oxygen and nitrogen to produce drastic embrittlement (124) but some effedt

might have been expected at 100OF, particularly after the two-hundred hour
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exposure. Hydrogen is absorbed at temperatures above 600F but is not con-

sidered to be as serious an embrittling agent as the other two gases.

Complete removal of cold worked properties is possible by exposure to

a temperature of 0OF for one thousand hours (123) or more quickly at higher

temperatures. Since the greatest portion of this annealing effect would take

place during the first few hours or minutes it would be expected that for

tests at temperatures of 1000? and involving several minutes, softening would

take place continuously during the test and large values of strain might be

developed before fracture. The corresponding strength would be rather low

for this condition.

Ordinarily the conditions which increase strength properties of metals

also tend to decrease ductility and, although there is no quantitative form-

ulition of this relationship, qualitative correspondence is usually observed.

In Figs. 498, 49, and 51 this qualitative inverse relationship between duc-

tility and strength is not clearly obvious when comparing shearing strain in

torsion with yield strength and modulus of rupture. However when the strain

is plotted to a larger scale as in Fig. 50, the increases in strain can be

seen to correspond with the decreases in strength. There is in general

an increase in strain with increasing temperature, except for the minimum

point observed for the strain at 700F for first speed.

This minimum in ductility at 70OF is not considered to be the result of

hydrogen embrittlement since specimens that were aged for two-hundred hours

in air at 700F exhibited essentially the same ductility (compare strains in

Fig. 51). Specimens tested at 1000F should have absorbed hydrogen at a more

rapid rate than at 700F, but extremely large values of strain were reached

before fracture at the higher temperature. Treating the six specimens (both

aged and unaged) for each condition together the spread in strains measured

for any one set of conditions did not appear to be large enough to suggest
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that the difference in the average was purely a chance result of normal

scatter.

If reduction in ductility at 7001 for this slow straining speed were

due primarily to absorption of hydrogen accelerated in some way by the defor-

mation itself, then the marked increase in ductility at 10001 (when even more

hydrogen would be picked up) indicates that the softening mechanism which

tends to increase the ductility far outweighed the embrittling tendency of

hydrogen at 10007.

In data reported by the manufacturer (123) and others, the ductility of

titanium in conventional static tension tests is not greatly effected by tem-

peratures up to around 800? or higher. Reduction of area in tension tests

has been reported to show marked increase above about 700F but elongation

may be as low at 850F as at room temperature.

g. Rle-130-B Titanium Alloy: This metal is a ternary alloy with nominal-

ly 4 per cent each of manganese and aluminum added. Some carbon was also

present in the heat analysis (Table I) although the percentage was not as

large as that in the RC-70 titanium tested. The specific gravity was 4.7.

The RC-130-B was tested in the annealed condition as received; no effort was

made to increase the strength by further heat-treatment or by cold rolling.

Specimens were prepared from the 5/8 in. diameter hot rolled round bars that

were annealed by the manufacturer.

Strength: In Figs. 54 and 55 it can be seen that the torsional yield

strength of the RC-130-B titanium alloy was sensitive to both temperature

and strain-rate effects. There was a continuous decrease in yield strength

for every speed as the temperature was raised. The yield strength wns higher

at every temperature for the higher strain-rates except for some of the tests

at 700F. At this temperature there was no change in yield strength apparent

in the data from tests at the three lowest speeds.
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The values of modulus of rupture shown in Fig. 56 were about the sae

for all speeds of testing. At 10007 a sharp decline in strength was observed

that was approximately inversely proportional to the logarithm of the strinf-

rate.

Ductility: An increase of total strain with increasing temperature is

evident in Fig. 58 for all speeds. The rate of this increase in ductility

was quite constant except at the highest temperature. For tests at I0007

and the slowest strain-rate an extremely high strain was observed. This

strain, about 3750 per cent, was more than three times as great as that ob-

served in RC-70 for the same conditions.

h. Effect of -the Aging Neat-Treatment; Data for specimens heated

to the test temperature for 200 hours in advance of the actual test appear

as open circles on graphs where the data for unaged specimens are plotted

by solid circles. By comparing these results the effect of the aging treat-

ment can be determined. Since the reaction to aging was different for the

different metals the discussion below has been subdivided Rccording to metal.

75S-T Aluminum Alloy: A pronounced effect of the 200-hour aging heat-

treatment on the strength of 75S-T aluminum alloy can be observed in Figs.

36 and 37 only for temperatures near 400P. Since the manufacturer 's aging

treatment produced precipitation for essentially optimum strength, little or

no increase in strength would be expected from further aging at 20OF whether

for one-half hour or for 200 hours. Considerable over-aging or coalescence

of the alloy particles could be expected when the material was held at I400F

for 200 hours. This was evident from the reduction of yield strength and

modulus of rupture after aging at 400P. One factor in the reduction of

strength of unaged specimens at 40OF as compared with those tested at 200F

probably was the aging occurring during the half hour at temperature prior

to loading. The additional time for over-aging to take place during the

slower tests mq contribute to the fact that at 400F the reduction in stmrgth
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with decrease in speed of testing was more pronounced for specimens tested

after a half hour at temperature than for specimens aged 200 hours.

At 600M the overaging seems to have progressed to completion within the

half-hour conditioning and further aging for 200 hours did not show any sig6.

nifioant effect on the strength at this temperature,

The ductility, like the strength, is effected by overaging during which

the coalescence of alloying elements precipitsted out of solution by aging

leaves these particles no longer sufficiently distributed throughout the

matrix to restrict the slip. This change increases ductility as well as de-

creasing the strength. The effect of aging on strain (shown in Fig. 39) is

therefore consistent with that observed for strength. The apparent differ-

ences between ductility for aged and unaged specimens for 600? tests are

probably the result of plotting averages, each based on two or three events

which are part of a widely distributed population. For example, Fig. O40

shows the strain data for each of the individual specimens of 75S-T tested

at 600?. This graph illustrates the wide scatter in the points from which

the Averages plotted in Fig. 39 were obtained. The hesvy solid curve in

Fig. I$O is the curve from Fig. 39 through the average points for unaged spec-

imens, and the broken curve is for aged specimens. The light-weight curve

is sketched in to show an average trend of the data for both aged and unage.

sp.cimens. It appears likely that this is more representative of the general

material behavior than the results plotted for the two small groups of spec-

imens. The scatter in the strains measured fbr the individual specimens at

the three lower temperatures was very much less than at600F. Therefore it

appears likely that the large apparent effect of aging on strain at hOOF

was real, whereas the smaller apparent effect at 600? was probably not real

but due mainly to chance effects in sampling and testing.

24S.T Aluminum Alloy: The effects of the two-hundred hour aging heat-
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treatment on the strength and ductility of 24S-T aluminum alloy are iMUGs-

trated in Figs. 31-33. It can be seen that there was a decrease of strength

at 1•00 and 60O0 and accompanying increases in strain as compared with the

specimens which were not given the 200-hour heat-treatment.

The temperature of 4007 was only slightly over that for optimum strength

from aging and therefore for the tests in which the specimen was at this

temperature only a short time the only effect was a slight amount of bene-

ficial aging. However, after 200 hours, over-aging had begun at 40OF with

a reduction of strength and ductility evident. At 6OOF, over-aging had no

more than begun in the short time tests so that there was little if any over-

aging. The increase in strain probably was due chiefly to softening and

recrystallization during the test. After the 200-hour heating at 60OF prob-

ably complete over-aging had occurred reducing the strength by about 50 per

cent and increasing the strain by a large factor. The pattern observed for

the variation of strain in 214S-T aluminum alloy specimens tested at 60oF i

this over-aged condition was identical to that for the 75S-T aluminum alol.r.

For the 75S-T it was observed that over-aging was complete at 60OF in both

aged and unaged specimens (see -:1g. 140) whereas for 24S-T the longer holding

time was required for overeging. This temperature was relatively higher

above the aging temperature for 75S-T (250F) than for 24S-T (375-); there-

fore, over-aging was more rapid in the 756-T. A difference could be ex-

pected because the different alloying elements employed in the two alloys

would come out of the supersaturated solution at different temperatures cr

at different rates at a given temperature.

The peculiar loss of high-temperature ductility at the slower strain-

rates did not occur in the unaged specimens of 24S-T where the coalescence

of the precipitated particles was not complete. However it did occur in

24S-T when conditions were right for complete averaging (i.e. 200 hours at
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6007). An explanation of this behavior on the basis of different rate ef-

fects in the crystal grains as compared with the grain boundary material was

given in Section Od. In this discussion ductility was associated with slip

end a fracture through the grain itself at the one speed and lose of ductil-

ity with a decrease in speed was associated with fracture following the

grain boundaries. This behavior seems consistent with the presence of accu-

mulations of foreign (solute) atoms along the grain boundaries.

Steel: There was no reason to expect the 200-hour aging treatment to

have a marked effect on the SAE 1018 steel. The only possible change might

be a quench-aging resulting from air cooling after the hot-rolling operation

that would be accelernted slightly by the 200-hour heating. Tempering should

have eliminated the possibility of further quench-aging in the SAS 4340 steel

at temperatures below the tempering temperature.

Comparisons between the aged data (open circles) and unaged data (solid

circles) in Figs. 17, 19 and 20 for 1019 and Figs. 25-27 for 4340 indicate

that if an aging effect were present it was too small to be distinguished

from the normal scatter inherent in the experimental measurements for temper-

atures of 1001 and below. 1he differences in ordinates observed in Fig. 20

between aged and unaged specimens tested at 100OF appears to be P chance

effect as in the case of 75S-T aluminum at 600F. Fig. 21 shows the points

representing strain plotted for the Individual specimens of 1019 steel tested

at 1000Y. This condition given rise to large differences in observed strain

suggesting a need for more than two or three samples to obtain a reliable

mean value.

Tests of the specimens of 4340 steel aged at 120OF exhibited lower

strengths and greater ductility than specimens which were at temperature only

one-half hour before testing. Since the 12001s was above the temperature

(1130r) at which the 4340 steel was tempered it is not surprising that the
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200-hcur aging treatment at this temperature did tend to soften the steel.

Apparent effects of aging on the yield point ratio observed for 1018

steel in Fig. 23 (and in Fig. 53 for titanium) also are likely to be due to

chance since any deviations which occur are exaggerated by subtraction of

two numbers of the same relative magnitude (Y.P. Ratio - 1). The shapes of

the torque-twist diagrams in the region of initial yielding were not altered

by the 200-hour heat treatments.

FS-1 :knesium Alloy: Since this alloy was not solution heat-treated

or quenched there was no possibility for precipitation or quench-aging. It

was cold worked somewhat in the extrusion process but is not a strain-aging

metal. The 200-hour aging treatment would not be expected to have an appre-

ciable effect on the magnesium tested here and none was observed in Pigs. 43

to 46.

Titanium: Both titanium alloys were received in the annealed condition

which would eliminate the possibility of either quench-aging or strain-aging

being accelerated by the 200-hour heat-treatments given here. The titanium

was aged in the bar stock form before specimens were machined. Hence, any

strain-aging of the outer layer that was cold worked during the machining

operation could not occur during the aging treatment. It seems reasonable

therefore that no significant aging effect would be expected in titanium,

and none was observed in the results plotted in Figs. 4S-59.

i. Energy Absorption: It will be noted by comparison of the trends

which are observed for the influence of rate of strain and temperature on the

modulus of rupture and the maximum strain that the energy absorbed by the

specimen follows a pattern that is a combination of the trends observed in

the other two properties. This follows directly because the relationship of

the energy absorbed to twisting moment T and the corresponding angle of twist

el expressed radians, is:
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Energy in torsion = T deO (5)

The integral represents the area under the torque-twist curve up to the twist

0. For the shapes of diagrams obtained for the ductile metals reported

here the energy values were found to vary in close correspondence with the

product of the maxi•um torque and the total angle of twist to fracture.

Torque and twist wre directly proportional to the modulus of rupture and the

shearing strain to fracture, respectively. Discussions devoted to strength

and ductility can be extended therefore to apply to the energy absorption for

the same testing conditions.

The influence of temperature and strain-rate on the energy absorbed by

specimens of the seven metals is illustrated in Figs. 22, 29, 34, 141, 4i6, 5

and 59. Comparison of th, data in these figures indicates that the steels

and titeniums absorbed much more energy before fracture than did the al'xmi-

num or magnesium alloys. Because may change in one or both parameters pro-

duced opposite effects on the ductility and strength of these metals mny

large change in one was modified by an opposite change in the other so that

no conspicuously large values of energy were observed.

J. Deformation and Fracture Characteristics: One of the advantages

of the torsion test over the tension test or the notched-bar impact test is

that the geometry and dimensions of the specimen remain essentially unchanged

during the deformation process. Specimens which are cylindrical before

stressing remain cylindrical and without appreciable change in diameter or

length.

In general, deformation of the specimens tested in this project did

follow this pattern and fracture oocurred at or near the center of the gago

length as a sharp clean break in a plane perpendicular to the axis of the

specimen. Just prior to fracture at the highest temperatures and slowest
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"speeds there was a small contraction in area at the section where fracture

was impending and there was a corresponding increase in length. Usually a

small thread of material held on in these cases after the larger portion of

the section had separated.

For both RC-70 and RC-130-B titanium there was evidence of non-homoge,-

eous longitudinal layers in the material before testing or which developed

during the process of deformation. Plastic deformation in torsion caused

the surface of titanium specimens to warp or form ridges and valleys similar

to very smooth coarse-pitch screw threads. The pitch of these "threads" was

in inverse proportion to the total twist before fracture and therefore was

smaller for specimens tested at the higher temperatures and lower strain-

rates (see Fig. 51), Fig. 61 shows a photograph of broken specimens of RC-70

titanium an an example of this non-homogeneous deformation. The appearance

of the deformed specimens of RC-130-B was the same. Specimens of all other

materials remained essentially cylindrical during the deformation process.

In tension tests the cross-section of the titanium specimens became

elliptical in the zone where plastic deformation was large, The major axis

dimension of the ellipse at the fracture surface was about 20 per cent great-

er than the minor axis dimension.

k. Shapa of the Torque-Twist Curves* Figs. 66 to 72 illustrate the

effect of elevated temperatures on the shape of the torque-twist curves for

the seven metals studied. Curves shown are for the highest strain-rate. At

the slower speeds of straining less drop in torque was observed.; at the yield

point somewhat greater decrease in torque occurred after the maximum was

reached early in the test; and there were considerable variations in strength

and ductility as discussed earlier. Some further details on the ohme of the

curves for particular conditions are included in Section 9.

The mode of fracture progression that occurred controlled the shape of
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the final portion of the torque-twist curves. At the lower temperatures the

failure was sudden end the torque dropped so rapidly the photographic paper

could not record the descending trace but showed the torque immediately be-

fore fracture then sero torque immediately after fracture. At higher temper-

atures and slow speeds the final failure was less sudden and the records

showed that the torque gradually tapered off to 'zero.

Continuous torque recordings (Figs. 62 and 63) for tests of SAU 1013

steel at 40OF and 70OF exhibited the jagged contours characteristic of the

material behavior in the blue-brittle range. This recurring process of buil-

up and sudden drop of torque is not so clearly observed in larger specimens

where an averaging tendency masks out the individual jumps. Hall (42) watched

this process in thin strip specimens and could trace the advance of a lilders

band with the drop in stress followed by a buildup as soon as one band was

arrested. When the stress reached a sufficiently large magnitude a newIfideOs

band darted through the metal, etc. This phenomenon is observed only for a

limited range of combinations of temperatures and strain-rates; it is un-

doubtedly related to the rates of strain-aging and of slip within the crystal-

structure. Portions of records from torsion tests are shown for all four

strain-rates for tests at 400F and 700F in Figs. 62 and 63. The appearance

of the irregularities is also influenced by the rate of travel of the paper

in the camera of the oscillograph as compared with the rnte of strain in the

specimen. The torque scale, the time intervals and the twist increments are

labeled to aid in interpreting these records.

Figs. 64 and 65 shows the initial portions of records for RC-70 titanium

illustrating the yield point phenomenon observed. For several conditions the

yield portion of the torque-twist curves for RC-130-B titanium was almost

flat or dropped slightly. In these cases the offset yield strength differed

only slightly from the lower yield point.
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•, CosPuarative Stremaths of the Seven Metals: The comparative yield

strength and modulus of rupture for the seven metals in torsion at different

elevated temperatures can be seen from the results plotted in Figs. 73 to 75.

Data from tests at only the highest and lowest rates pf strain are shown.

These curves show that the strength RC-130-B titanium alloy at elevated tem-

peratures is comparable to that on the SAE 4340 steel with some differences

resulting from different strain-rate effects. These two metals stand out

above the others on the basis of yield strength and modulus of rupture. Re-

70 titanium ranks next for all conditions. On the basis of yield strength

at slow speeds 75S-T and 24S-T aluminum alloys are comparable to the RC-70

for portions of the temperature range but the aluminum alloys are very weak

at 60OF or above. The yield strength of SAE 101Z steel was low at room tem-

perature compared to the other metals but was reduced very little by elevated

temperature so that it ranked more favorably with increasing temperature.

The two aluminum alloys lost strength rapidly at and above 4OOr but the

strength of 24S-T was reduced less than the strength of T5S-T. The FS-1

magnesium alloy ranked lowest in strength at all temperatures tested.

The data in Fig. 73 are replotted in Fig. 75 in terms of the modulus of

rupture divided by the specific gravity. This illustrates the relative

shifts in curves when evaluated in terma of the strength-weight ratios. The

RC-130-B titanium alloy apparently stands out above all others for the whole

range of variables.

m. Influence of Structural Chnes on E0erimental Observations: In

analyzing the significance of data of the type discussed in this chapter, it

is common practice for engineers to plot two-dimensional curves and draw

conclusions regarding the relation between two variables for conditions in

which the third variable is held constant. For example, one may plot the

strength (either yield strength or modulus of rupture) versus the strain-rate
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for a given fixed temperature. When this is repeated for a second (perhaps

higher) temperature of testing, the general trends observed as the strain-

rate is increased may be entirely contrary to those indicated by the first

chart. This immediately leads the investigator to suspect errors of obser-

vation or variability of material. It is not immediately obvious why the

same change in one of the variables (for example, strain-rate) may decrease

the strength at one temperature yet cause an increase in strength at a higher

temperature.

However, metallurgical instability and marked changes which occur in the

properties of the material during a test make it impossible to draw logical

conclusions from limited observations of this nature. It is believed that a

study of the reasons for the hills and valleys shown on the three-dimensional

surfaces of the types shown in Figs. 17, 18, 20, and the similar charts

plotted for the other metals, gives a much clearer picture of the interaction

of the three variables involved.

In discussing the dffect of strain-rate and temperature on the strength

properties of a metal, the final test data must be considered to be influ-

enced by "time-dependent" as well as by nearly "time-independent" phenomena

accompanying the structural breakdown of the material. For example, the

exhibition of upper and lower yield points by metals such as low carbon

steels and titanium is a process that is influenced by time (or by strain-

rate) as shown by many different experimenters (11, 13, 16, 22, 30, 35, 73,

112, 128). Theories of dislocation and diffusion processes indicate that

this time-dependence is markedly influenced by an alteration in temperature

of testing.

We might visualize an interaction of two effects as shown diagrammat-

ically in Fig. 101. The trend of Curve A represents for a stable material

the'relative strengths that ma, be expected as the strain-rate is increased.
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However the material may simultaneously undergo an aging phenomenon, a pre-

cipitation of hardening constituents, or some other type of diffusion process

(which in the dislocation theory might be visualized as a progressive block-

ing of dislocations). One might represent by Curve B a second contribution

to the strength caused by these time-dependent changes. That is, for the

slower strain-rates, more time is available for strengthening by aging to

occur; hence, curve B indicates a gradual increase in the strength as the

strain-rate is decreased. If these two different phenomena contribute simul-

taneously to the strength of a metal, the resulting strengths observed would

follow some curve such as C which represents the sum of the ordinates to

Curves A and B. Curve C would then apply for only one fixed temperature,

(say 907). If the temperature of testing is increased however, the contri-

butions to the strength by the strain-induced aging may be drastically re-

duced. That is, the stimulation of relaxation and recovery processes by ele-

vated temperature will result in Curve B being depressed to a lower level

such as is shown by Curve D. Thus, at an elevated temperature, the net effect

of strain-rate on the strength may be represented by Curve E which exhibits

somewhat different characteristics from those of Curve 0 for the lower tem-

perature of testing. In 7igs. 24-a, 30-a, and 35-a the data show these two

types of variation for yield strength. Two-dimensional plots of the modulus

of rupture vs. strain-rate also showed similar trends for several of the

metals tested. It is believed that these trends are representative of the

behavior of the material and are not inconsistencies in the test data.

The ductility (or total angle of twist) observed during a torsion test

is also influenced by a number of these same instabilities in the structure

of the metal. Deformation may occur by a number of basic processes such as

follows:
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1. slip

2. twinning

3. fragmentation

4#. elastic bending of crystal lamellas

5-. grain boundary movements

6. transient creep and anelastic effects.

It should be pointed out that there are no fundamental data available to in-

dicate what it is that limits the capacity of a metal for deformation or

causes the onset of fracture. It has been suggested (330, 131, 132) that

the primary effect of cold-working a metal is to decrease the mean size of

the crystals and thereby raise the elastic strength. Wood (131) has proposed

that there is a limiting crystallite size below which further deformation

and fragmentation of the crystal cannot take place. However an increase in

the temperature should correspondingly alter the limiting minimum stable

fragmentation size because of the increased activity in place change of atoms

and the greater freedom of mobility for recovery and recrystallization pro-

cesses. Certainly the grain boundary movements and transient creep may be

expected to increase greatly the observed deformations at elevated tempera-

tu3es if sufficient time is available during the test for these effects to

become pronounced. On the other hand it has been observed in long time creep

tests at elevated temperatures that metallurgical changes in the material or

changes in the mode of fracture sometimes result in greatly reduced ductiliv.

During testing, changes may occur that are dependent upon diffusion of

atoms through the matrix by processes referred to by various names such as

relaxation, recovery, recrystallization, aging, precipitation, etc.: these

are all time-dependent and are markedly sensitive no changes in temperature.

On the other hand the deformation processes of slip, twinning, elastic bend-

ing of lamellae and fragmentation are probably influenced to a much lesser
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degree by time effects and may be only mildby altered by changes in temper-

ature. Thus in considering the ductility characteristics observed in the

present tests, one must again visualize the complete interaction of temper-

ature and strain-rate on a given metal since the relative effects observed

at one temperature of testing may be entirely reversed at a different

temperature of testing.

For example, in Fig. 19 the greatest ductility was developed at the

highest strain-rate when strains at 40OF are compared whereas when a similar

comparison is made at 1000F, the greatest ductility was exhibited by the

specimens tested at the lowest strain-rate. Examining the two-dimensional

graphs such as Fig. 38-b, one might question the consistency of the data

for 75S-T aluminum alloy at 600'. The tests conducted at the highest and

lowest strain-rates exhibit roughly the same amount of ductility whereas

those run at the two intermediate strain-rates show extremely high ductility.

However the complete three-dimensional picture of the vAriation of total

strain with temperature and rate of strain shown in Fig. 39 indicates that

this greater ductility at the intermediate strain-rates Is entirely consis-

tent both for the material aged 200 hours at the test temperature and for

that held at temperature only 1/2 hour before testing. Therefore it be-

comes difficult to draw general sweeping conclusions about the effect of

altering either temperature or strain-rate separately without considering

the interaction of both parameters.

In view of the time- and temperature-dependent instabilities and con-

tinuous change of metallurgical structure which occurs while the metal is

being tested, it becomes apparent that no simple single equation of state

can adequately express the effects of strain-rate and temperatures on either

the strength or the ductility of a metal. If one deals only with tempera-

tures for which the materials are entirely stable, such an equation might

be developed. However, even here the very process of deformation changes
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the crystalline structure and this break-up in crystal size and its effect

on grain boundary reactions must certainly develop new instabilities such as

anelastic after-effects or transient creep, which vannot be adequately ex-

pressed even for single crystals and certainly not for complex polycrystal-

line metals such as those commonly used for structural purposes.

9. Correlation of Strain-Rate and Temperature Effects with Mathematical

Theories.

As pointed out in the previous section it appears probable that no com-

plete and acceptable theory can be developed to express all the effects of

strain-rate and temperature on the mechanical properties of structural metals.

Nevertheless, it was felt desirable to investigate the usefulness of several

proposed relationships in expressing mathematically the variations observed

in data from these experiments. In this section the modifications necessary

.to adapt these equations to the torsion test are discussed, and a comparison

is made between the experimental data and several mathematical functions whkL

include parameters to express the influence of strain-rate and temperature.

Some of the detailed concepts and mathematical equations are presented in

Appendices II and III and only the essential final ecuations are discussed here.

a. Simplifications Used: Theoretical considerations for correlation

of data of this type are usually intended to determine mathematical expres-

sions relating the flow stress to the strain, rate of strain, temperature

and certain material constants. The equations developed are generally stated

in terms of the "true stress" in tension. For direct application to the

torsion test, these expressions can be rewritten in terms of shearing stress,

shearing strain, and shearing strain-rate. However, it would be more conven-

ient in analysis of the present data to work in terms of applied torque in-

stead of shearing stress. Arbitrary substitution of torque for stress does

not seem Justified since it is known that the two are not equal or even
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proportional during plastic deformation.

For the plastic range, Eq. A20 of Appendix I can be used to evaluate the

shearing stress at the surface of a specimen. This equation for the shearing

stress -r includes a constant coefficient, K1 = 1/2Efc3, a term involving the

torque T, and a term involving another variable torque, To.

= KI(4T - TO) (6)

If To were negligible with respect to )4T or if To were directly proportional

to T then the substitutuion of a constant times T for i would be permissible.

However, in most cases To is not negligible compared with T. Neither is To

always directly proportional to T. Nevertheless, computations have shown that

for a given or constant 0 (of the magnitudes examined in the three following

sections), the amount by which To differed from being proportional to T was

small enough compared to 4T that valid observations for the plastic range were

possible by using the following simplification +

KT= (7)

19 =

In order to substantiate this reasoning the same types of plots as those

shown in Figs. 76 to 9S were constructed for representative sample'conditions.

The curves resulting showed the same trends and scatter when values of T were

plotted as when the more rigorous analysis employing values of the shearing

stress T were used.

b. Equivalent Strain-Rate Parameter: A quantitative relation between the

the effects of temperature and strain-rate was suggested in 19•4 by Zener

+ In this notation a vertical line followed by one or two symbols will be

used to indicate variables which are held constant for a given equation.
In Eq. 7 the shearing stress r is expressed as a function of the torque T

for a constant angle of twist 0. Other variables such as strain-rate and

temperature are not restricted in this equation.
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and Hollomon (112, 113). The flow stress a at a given strain 9 was expressed

by the function

0i = f( eQ/RT f(P) (9)

where I is the rate of strain, R is the universal gas constant, and Q is a

constant depending on the material. For low temperatures Q has been measured

to be about 10,000 cal. (gin. mol.)- for several steels (46) and since R is

1.997 cal. deg.-1 mol.-1, the exponent becomes roughly 5000/T. The parameter

P then has the value

P a C e5000/T (9)

Here P is a strain-rate modified by a coefficient which is a function of

temperature, or P is an "equivalent strain-rate". Using Q as 10,000 this

concept was tested with the present data for SAE 1018 steel and found to give

too little weight to the effect of temperature. For elevated temperatures,

however, Q is probably not a constant but depends on stress and temperature

as well. By trial and error selection a magnitude can be found for Q to cause

the data to fall along a fairly smooth curve. Fig. 77 shows the torque

corresponding to a shearing strain of 0.50 in./in. for SAE 1018 steel plotted

to log scale against the parameter P based on Q/R - 140,000.

Since a small variation in temperature produces a larger effect than a

fairly large increment of strain-rate it appears that if the combined effects

are to be expressed in terms of only one parameter, this parameter should

be more closely associated with temperature with an appropriate factor to

account for strain-rate effects. One attempt to develop such a parameter is

discussed in Appendix III and in Section 9--d.

c. General Equation for Flow: The general expression for flow stress

as a function of strain, strain-rate and temperature proposed by Hollomon

and Iabahn, (Eq. B14 in Appendix II) is:
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o~oa~(a0  (10)

Correlation of the effects of rate of strain and temperature with the present

data can be examined by use of equations 311, B12, and B13 of Appendix B. Of

theseEqs. 312 and 313 can be modified by the simplification for shearing

stress in the torsion test given in Eq. 7. "Iritten in logarithmic form and

calling the constants C1 to C6 we have

3a -r ITR a 0 1+ 0 in Y (11)

1 "
In Tj"Ti 03 + 04 in (12)

in Tj a C5 + c6 Tit (13)

Constant Strain-Rate and Temperature: Equation 11 is the conventional

true stress-strain equation for plastic flow, T a acb and can be verified by

construction of the torsional stress-strain curves to log scale for the in-

dividual specimens. These curves for at least one specimen of each material

are shown in Fig. T6. These cur•es are considered to be typical except as

indicated below and can therefore be accepted as checking the theory except

for the following excluded casess

1. For tests in which a yield point was observed, analysis by means of

Zq. A20 of Appendix I for the region of initial yielding was not

attempted so that for this portion of the plastic strain, Eq. 11

was not verified.

2. In no case was the relation verified for the portion of the defor-

mation after the maximum torque had been reached. This occurred

relatively late in the test for each metal except at the higher

temperatures.
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3. In RC-70 titanium it was observed that in the torsional testing

there was a tendency for considerable strain after the maximum

resisting torque had been developed. This was not the case for

RC-30-B titanium alloy. The proportion of the total strain

that occurred during the period of decreasing torque for RC-70 was

larger for the higher temperatures and for the lower rates of

strain. The flow equation (Eq. 11) was applicable only to the

increasing portion of the curve.

)4. For RC-130-B the stress determined by use of Eq. A20 seems to

increase slightly more rapidly with respect to strain than pre-

dicted by Eq. 11 for the specimens for which these curves were

drawn.

Constant Strain and Temperature: Equation 12 relates the effect of

strnim-rate i to the flow stress or torque for a constant shearing strain Y

and at constant temperature TR. This equation indicates a linear relation-
0

ship to exist between In T and In jA Hence, if In T for constant Y and con-

stant TR is plotted vs. In 4 and the experimental values fall on a straight

line, Eq. 12 is satisfied. Since the speeds employed in the present testa

differed by factors of 50 to 1, the speed nunbers can be used to represent

the logarithm of the strain-rate.

In Figs. 78 to 84 the torque is plotted to a log scale versus the speed.

Each point represents the results obtained from one specimen. Data are shown

for two values of shearing strain for each material (that is, Y equals 5 per

cent and 50 per cent for steel and titanium, and 2 per cent and 20 per cent

for the aluminum alloy). Several other strains were also studied with re-

sults similar to those shown.

The curves obtained are nearly straight for all temperatures for the

values of V checked. Therefore, it can be concluded that the function which
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expresses the variation of the logarithm of stress or torque with the loga-

rithm of strain-rate is very nearly linear for all seven metals tested. Al-

though the graphs for specimens which were given the 200-hour aging treatment

have not been included here, these data were studied and the variation of

1n T with speed was also found to be linear, even for the aluminum alloys

tested at temperatures at which the effects of the aging treatment on the

strength and ductility were large.

These data indicate then that although the effect of strain-rate is not

large in general, the variations in strength with changes in strain-rate can

be predicted fairly well be the relation:

IjYTR le(34

for all seven metals at all temperatures investigated. In this expression

C2 and ca depend on the strain, temperature and material. It will be noted

that particularly close agreement was observed for the SM 14340 steel Fig.79.

Constant Strain and Strain-Rate: Equation 13 relates the torque or

stress to the temperature for constant strain and strain-rate. The logarithm

of the torque T is expressed as a linear function of the absolute (Rankine)

temperature TR. This can be checked readily by plotting the torque to a lo%

scale versus TR or, more conveniently, versus the Fahrenheit temperature TF

since TR = TF + 459.6°, with the difference between TF and TR included in th7%

constant 05 In Eq. 13.

Some of the data which have been plotted in this manner are included as

Figs. 95 to 91. The trends of the points in general appear to form rather

definite curves which can not be considered linear. Therefore it ,mast be

concluded that Eq. 13 is inscurate in expressing the variations of strength

properties caused by temperature changes. Por the two titaniums the trends

were more nearly linear, particularly at the faster speeds. However, consid-
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erable variatiozls from the straight lines were observed at the slower speeds.

76r SAE 4340 steel the trends were essentially linear up to 70OF but wide

differences were evident for higher temperatures. The patterns in which test

points fall for aged specimens were similar to those shown for the unaged

specimens.

These data indicate that (with the possible exception of titanium) the

effect of temperature for the ranges of variables studied here did not con-

form well with the theoretical relation expressed in Eq. 13. The reason for

this inaccuracy may be attributed to such actions as precipitation and Coa-

lescence of solute atoms at certain temperatures and strain-aging. In other

words, the properties of these metals changed somewhat during the progress

of the test and could not be expressed by a single simple equation that is

independent of the parameter of time.

The behavior of titanium was more nearly predicted by the theory; this

is further evidence that the types of aging phenomena observed in the other

two metals .ere not present (or were less significant) in the titanium.

d. Velocity-Modified Temperature Parameter: The velocity-modified

temperature proposed by MacGregor nnd Fisher (70-72 is briefly discussed in

Appendix III.The data with which this concept was originally tested (70, 71)

seemed to support the hypothesis even for some instances in which ultimate

stresses or yield stresses were used instead of the flow stress as expressed

by the theory.

On the basis of the simplification discussed previously in Eq. 7, this

concept may be expressed here in the form:

Tj Y f(Tm) (15)

where: T = torque at given shearing strain Y

Tm = velocity-modified temperature.
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The defining equation for the velocity-modified temperature is:

Tm =TR (- k la )

In this relation the slowest strain-rate was selected as the reference

Steain-rate for this investigation so that to = 0,0001 it./in./sec. The

k values chosen to fit the data to the smoothest possible sur+es were foubd

to bea

k = 0.010 for SA 1018 steel

k a 0.010 for SA 14340 steel

k = 0.010 for 24S-T aluminum alloy

k = 0.015 for 75S-T aluminum alloy

k = 0.020 for MS.1 magnesium alloy

k - 0.030 for RC-T0 titanium

k = 0.015 for RC-130-B titanium alloy

Por each metal the data were examined by plotting the torque vs. Tm

for at least three values of strain. One of these charts for each metal is

included in Figs. 92 - 98. From these graphs it can be seen that there is

general agreement with the theory since the points group fairly well around

a relatively smooth curve that has been sketched in to follow the average

trend. The shapes of the curves thus obtained are not the same for different

metals, but no attempt is made by the theory to predict the shape of the

curve.

Correlation was noticeably poorer when the yield strength or the modu-

lus of rupture was plotted instead of flow stress or torque at constant

strain. A very broad band was required to envelope the points thus obtained

although the general course followed by the band was similar to that for the

curves shown in Figs. 92 - 98.

These data indicate that for all metals studied it is possible to

WADC TR 53-10 63



epproximate tle effects of both strain-rate and tempernture in terms of a

single parameter, the so-called velocity-modified temperature, for the range

of variables investigated. No silmple relationship resulted however between

this parameter and the flow stress or torque for a given twist.

10. Correlation with Other States of Stress.

In the opening section of this report it was pointed out that one of

the problems encountered in utilizing the results obtained in any series of

experiments is to know how to interpret the data for applications involving

somewhat different conditions. Results of the torsion tests reported here,

in which the state of stress was biaxial, wouldnot be expected to conform

exactly with data from uniaxial tension or bending tests or from triaxial

stressing.

It is beyond the already broad scope of this project to develop means

of applying the results obtained here to cases for which, other conditions

are encountered. However, it seems worthwhile to point out some of the tools

already available which might contribute to more general application of these

data.

One method for correlation of properties of materials subject-d to dif-

ferent states of stress is on the basis of stress-strain characteristics.

In order to make this type of correlation, the generalized, effective or

significant true stresses and strains must be computed for the given stress

conditions. Assuming that the corresponding principal stresses and strains

are kInown or can be determined, the generalized stresses 4 and strains T

are defined as follows:

0) + -,r (17)
and
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where a,, a. and a3 are the three true normal principal stresses and c2, tj

and c are the true normal principal strains.
3
For pure tension as w 3 a 0 and 4g = C3 =- pea Using poissons ratio

P as 1/2, the expressions for generalized stress and strain, Eqs. 17 and

1$ reduce to:

S= ~(19)

C c1 (2)

For pure shear in torsion, a, = - C r =r, and aa - 0, where T is the

shearing stress. The generalized stress for this case reduces to:

'; =43 I. (21)

The strains for torsion are related in the same manner, i.e., a - C39

ca w 0, and Y w l - c3. Y is the shearing strain computed by the relation

ce as discussed in Section Ta. Making these substitutions the equation for

generalized strain reduces to:

£ £ C', y (22)

Squations 21 and 22 may be used for correlation of the torsion test data

with the stresses and strains for a uniaxial stress condition. Somewhat

more complex relationships may also be derived from Eqs. 17 and 13 for other

combinations of principal sttesses encountered in a service condition. For

these, the values of the effective or generalized stresses and strains

(- and I) may be predicted from the torsion test data by means of Eqs. 21

and 22.

WADC TR 53-10 65



Ir SUMmARY AIM OONCILUSIONS

An experimental study was made to determine the effect of rate of strain

and of elevated temperatures on the mechanical properties of seven different

structural metals in pure torsion. Prepared samples were tested at four con-

stant rates of strain in the range from 0.0001 to 12.5 in./in./sec. and at

four temperatures ranging from room temperature to various maximum tempera-

tures up to 12D07 depending on the type of alloy studied. Values of the

torque, angle of twist and time were continuously recorded automatically to

provide data from which the usual torsional properties were computed.

The experimental data were analyzed in terms of the basic mechanisms

controlling the behavior, and the effects of the two parameters were compared

with mathematical theories in the literature. From the results of this study

the following conclusions are suuuarized:

1. Increasing the temperature caused the yield strength and mod-

ulus of rupture to decrease and caused the angle of twist to

fracture to increase for all materials and for all rates of

strain except (a) in the blue-brittleness temperature range

for steel, and (b) in the temperature range for aging of

aluminuim.

2. Increasing the rate of strain usually caused some increase

in strength but to a lesser degree than that caused by decreas-

ing the temperature. However, increasing the rate of strain

had a pronounced effect on ductility. The greatest ductility

was observed at the highest temperature and slowest rate of

strain except as noted in items 7, 15 and 16 below.

3. The rate of increase of flow stress T (or torque T) at a

given strain-rate 1, can be expressed with a good degree of

accuracy by the equation
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where ft and c2 are constants which depend on the material,

the temperature and the amount of strain.

i4. The rate of increase of flow stress T (or torque) at a given

strain with increase in temperature for titanium can be ex-

pressed approximately by the equation

a h T.R (23)

for I -_ 0.005 in./in./sec. where j and h are constants

which depend on the material, strain and strain-rate.

5. The rate of decrease of flow stress r (or torque T ) for a

given strain with increase in temperature for the other metals

at all speeds and for titanium at i a 0.0001 did not conform

with the behavior predicted by the Eq. 23. The shape of the

curve (In T vs temperature) was different for each different

temperature.

6. It is possible to express the effects of both strain-rate

and temperature in terms of a single parameter such as the

velocity-modified temperature Tm and get a smooth curve for

flow stress or torque at a given strain when plotted versus

Tm. The shape of the curve obtained was different for each

metal studied and did not appear to be readily expressible

in mathematical form.

7. At certain elevated temperatures beginning at about 400F

a reduction of ductility and a slight increase in strength

were observed for SAB 1019 steel. This is usually referred

to as blue-brittleness.
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8. The absolute (Rankine) blue-brittleness temperature TR for

SAE 101 steel was a function of the rate of shearing strain

which can be expressed roughly by the equation

32, 50
T' 29.2 + I

for the present data and for that of two other investigators.

9. The torque-time records obtained in the blue-brittleness range

exhibited the Jagged or erratic contours typical of the vari-

ations in flow stress developed by the strain-aging phenomenon.

10. The specimens of SAE 1019 steel tested at room temperature

exhibited a yield point in the ordinary tension test, and

a sharp yield point was observed in the more rapid torsion

tests at the lower temperatures. The ratio of the upper to

lower yield point torques observed was found to decrease with

an increase in temperature, and decreased or disappeared at

the lower strain rates.

11. The specimens of RO-70 and RC-130-B titanium tested at room

temperature exhibited a definite yield point in the ordinary

tension test. A pronounced yield point was also observed

in the rapid torsion tests of RO-70 at elevated temperatures.

The ratio of the upper to lower yield point torques observed

at the highest strain-rate increased with an increase in

temperature and decreased or disappeared at the lower strain-

rates. The yield point observed in torsion tests of RC-130-B

was less pronounced than for RC-70 titanium and not as oon-

sistent.

12. The properties of the titanium were more sensitive to changes

in strain-rate than were the properties of the other metals.
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13. Specimens of steel, aluminum and magnesium remained cylind-

rical when deformed and there was no appreciable change in

their dimensions. The titanium specimens however, tended to

deform in such a manner that ridges formed on the surface

and wound like screw threads around the circumference at large

strains.

14. Very large strains were developed before fracture in the speci-

mens of 1018 steel, magnesium and titanium in tests at 0.0001

in./in./sec. strain-rate at the highest test temperatures.

These strains and temperatures were:

1000 per cent at 10001 for SAE 1018 steel

900 per cent at 6007 for FS-1 magnesium alloy

1200 per cent at 100OF for RO-70 titanium

3750 per cent at 100OF for RC-130-B titanium

15. The largest strains in SAE 43140 steel (o00 to 1000 per cent)

were developed at 132 in tests at 0.005 in./in./sec.

16. The greatest ductility for the two aluminum alloys was about

800 per cent and occurred at 600F at a strain-rate of 0.25

in./in./sec. (not at the slowest speed as for the metals

listed in item 14). Marked decreases in total angle of twist

were observed for both higher and lower rates of strain.

17. The two-hundred hour aging treatment (at the test temperature)

in advance of the test had no appreciable effect on the strength

or ductility of steel or titanium for any temperature up to

100OF or any strain-rate studied here.

18. Two-hundred hours at 120OF produced some increase in strain

and some decrease in strength of SAE 143o0 steel as compared

with unaged specimens.
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19. The two-hundred hour aging treatment produced a decrease in

strength and an increase in ductility for all speeds of test-

ing of 75S-T aluminum alloy at 4O0F, and for 24S-T st 4o00

and 600?, but had no appreciable effects at other temperatures.
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APPEIX I.

Derivation of the Equation for Shearing Stress in Torsion

Computation of the actual shearing stress at any point in a member sub-

Tojected to torsion can be made using the wej. known T = relationship for

only stresses which remain proportional to the corresnonding strains. When

this equation is used for torques exceeding the limit Pf proportionality the

the so-called stress resulting is not real but merely represents the torque

converted to stress units by dividing by the factor I which is a function of0

the cross-sectional area.

It is possible however to develsp a relationship expressing the true

shearing stress at the surface of a cylindrical bar subjected to pure torsion

as a function of the twisting moment, the angle of twist or shearing strain,

and the rate %f increase in moment with reelect to twist or strain. This

relation for torsion is similar to the equation for bending developed by Her-

bert (129). It is based on the assumptions of homogeneity and isotropy of

the material and applied to a bar of uniform circular cross-section at a point

sufficiently removed from the point of application of the load so that stress

is not a function ef axial position.

The bar is subjected to a twisting moment or torque T acting in a plane

permendicular to the longitudinal axis of the bar (See Fig. 99). For equi-

librium the resisting moment on any normal cross-section must be equal to the

gplied twisting moment

T p5 r dA (A I)

Bat by choosing dA as a ring of radius p and width dp the element of area is

dA a 2ffpdp and we obtain

TW2. Paap (A2)

If the assumtion is made that the shearing strain Yp in each element of the

cross section is proportional to the distance of the element from the central
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longitudinal axis for both elastic and inelastic shearing strains then p and

dp may be expressed in terms of shearing strain V :

!-= (A 3)S Y

where: Y is the shearing strain at a radius p

Y In the shearing strain at the surface where p = c

then do= dY (A Y)

and P )2 l, a (A 5)
P

Substituting these values of p and dp in Eq. A2 and applying the corres-

ponding limits to Y we ebtain the relation:
p

0Y
2Tr 3 • (A 6)

Since 'Y and c mea be treated as constants in the Integration with resnect

tM ep, Eq. A may be rewritten as follows:

y3- a P VP * Op (A T)
But if it can be assumed that the shearing stress is some function of the

shearing strain (and angle of twist to which the strain is proportional), then

- = fr(yp) (A 9)

There is no need to assume what that functional relationship is, but by using

Zq. AS and letting

'(YP) - ,p3 f(e,) a *fp (A 9)

Sq. AT may be written as follows:

Y3 T Y

-7 V P )Y P(A10)
Here the function ?('fp) is not known, so the integral cannot be evaluated

directly. However by taking the partial derivative with respect te 'Y we

obtain:
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or if we let f r(y•p)drj- .G(Yp) (A)

it results that

171 Pj0 y3 !'VT, (A13)

Evaluating the left side of the equation for the limits given we have

Sy " 7(,() .(hil)

and

-(o) - 0 (A15)

so that

3 LT- (A1.6)

or

Equation A17 provides us with an expression from which we cen determine

the shearing stress T in the outer fibers for any Y if we have test data from

which to draw the curve giving the relation between the twisting moment T and

the shearing strain Y in the outer fibers.

By noting that E is the slope of the T ve Y curve and hence for any point
GY

P on the T-Y curve

8Y Y

where To is the intercept of the tangent on the T axis, (see Pig. ].D). we can

substitute this relation in Eq. A1T and obtain

OT + `-ý)(Al9)
2rrc y

or

2rc

Equation M gives the relationships in the most convenient form for use

in determining - from the T vs Y curve. However Y = ceytwhere: 01 is the
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angle ef twist in radians in a length Io. = 6/57.3 where 0 is expressed

in degrees so thatY = cO/57.3 w 1O where K is a constant for a given spoci-

men if the dimensions do not change during twisting. Since plots of T vs 0

were made as a part of routine calculations of data, true stresses computed

were determined from the T vs. 0 curves available rather than replotting T

versus Y.

In application of Eq. A20 to actual curves ebtained experimentally it

should be pointed out that difficulties are frequently encountered. In the

case of the metals which exhibit a sharp drop in the torque at the yield point

the stress at the circumference as calculated by Eq. A20 would have an un-

reasonably large negative value due to the very high Tj for the falling por-

tion of the curve. This is evidence of non-homogeneous yielding. Strain-

aging which depends upon a function of time, temperature, and strain would

lead to an inhomogeniety across the section which is a function of the strain.

If the T vs. Y (or T vs. 0) curve does not continue to increase all the

way to fracture but passes through a maximum, the slope of the tangent, hori-
8T

zontal at this maximum point, would be zero, Hence, the term A in Eq. A17
8Y

would 'go to zero giving the maximum stress:

3 Tmax

The modulus of runture was defined earlier in terms of the same T and c as:

Tisx c 2 Tmax
Modulus of rupture a -- 3-- (A22)

Dy comparison of Eqs. A21 and A22 it can be seen that, for specimens for which

a horizontal tangent was observed in the T vs 0 diagram, the actual maximum

shearing stress is equal to three-fourths of the modulus of rupture.
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APPENDIX II.

Discussion of a General Equation for Flow.

A general expression relating stress, strain, temperature and strain-

rate for plastic deformation has been proposed by Hollomon and liabahn (147,

145, 6T) and is based on a series of simple relationships among different pairs

of these variables obtained by holding other pairs constant. These relation-

ships are:

0 A IT
3 ICTR (3 2)

0,& TR( In P- lt/I W lO, (B 3)

Equation B3 expresses the same relationships as the expression for the plare-

meter P which is defined and discussed briefly in Section 9b. From these

three relationships (Eqs. 31, B2 and B3) labahn (6T) shows how the equation

&. D( o (11 - uz3)A
o0 ('.) e(B)

can be developed. In this equation C, D, Z, F, G and io are constants hf

the material. TA is the absolute temperature, c is the true strain and 1,

the true strain-rate. The term G% is added to the equation as presented

earlier (4T7, 4g).

For constant i, Eq. 14 becomes

TR WRC( + ITO

where H and I are new constants. However

(H) . (H ) W L (B 6)

where ,k is another constant. Combining the two constants, 0 and L which

have the exponent TR, we have the constant N and thus
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Written in logarithmic form this becomes

Ina= inC+TR inN+(E+ITR)lnc (B 3)

which in terms of simplified constants W and M is

ln o a W+ t + (Z + ITR)In c (B 9)

For constant C we have

In or = W+ N%~+ x+ U + VTR (210)

with simplified constants.

For application directly to torsion the two-dimensional relation ex-

pressed in Equations 31, B2, and 310 can be written as follows:

' =ayI (= a)

Y t = on 
(312)

In -r g + h TR (B13)

where at b, d, g, h and n are material constants.
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APPEDIX III.

Discussion of the VelociU -Iodified Teoperature Parameter

In order to simplify the study of the influence of temrperature and time

(or rate of straix) on the flow stress or stress at a given inelastic strain

it has been proposed that the number of significant variables may be reduced.

Since the effects of temperature and rate of strain are believed to be inter-

related, acoGregor and Fisher (70, 71) have proposed that instead of express-

Ing the flow stress as a function of three variables, absolute temperature,

strain-rate and strain, as:

a = f(TR, i, C) ( I)

the first two could be combined in a "veloctiy-modified temperature" Tm

leaving

0 = f(Tm, c) (C 2)

An expression for determining Tm was also proposed:

Tm = TR(, k In (c 3)

where: iw is an arbitrary reference strain-rate and k is a constant for the

material selected (presumably by trial and error) so that when streqs is

plotted versus Tm a smooth curve results. This expression was developed from

a theory proposed earlier by Pyring (24) based on an absolute reaction-rate

and an expression of secondary creep developed by Kauzmann (58).

This concept was examined by MacGregor and Fisher in terms of tensile

data, some of which was original and some borrowed from the literature, and

general agreement was observed for the materials and ranges of variables re-

ported.

For torsional test data the shearing strain-rate may be used and the

absolute temperature TR selected for use here is in terms of the Rankine

scale. Thus, the shearing stress in torsion, according to this concept
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would ba

r=f (Tm, Y) (c 14)

and because of the approximate relationship of torque T to shearing stress

-r, and of the shearing strain Y to the angle of twist e, this function can

be rewritten as

T f(Tm, e) (C 5)

WADC TR 53-10 S7



APPROIX IV
Tables of Individual Test Results

Table 1 . Torsion Properties of SAE 1018 Steel at Room
Temperature.

FIRST SPEED Specimen No. 1-2 1-.4 /-66 Average

Proportional Limit, 1000 psi 20.3f .6.: -. S?41

Yield Strength, 1000 psi !

Yield Point (Upper), 1000 psi '.o 24.q 7 .4 .2.1/

Yield Point (Lower), 1000 psi .S4 Ai-g .4,9q 21/,

Modulus of Rupture, 1000 psi 6a0 5 .2 ? 0.2- _ F. k'?.I

Shearing Strain, in/in 2,0o 2.2 x,.76 _.3V

Energy Absorbed, in-lb 2,69? 3,P4- ,oo 3,3 79

SECOND SPEED Specimen No. I-I 1-/? 1-49 f-(,5 Average

Proportional Limit, 1000 psi j ?.'? 302q ,.x? [7 1_/07

Yield Strength, 1000 psi I
Yield Point (Upper), 1000 psi 31.( ?o.2 ;.5?4 3.00 3193

Yield Point (Lower), 1000 psi a.3 a4S 14. g 140 2(I

Modulus of Rupture, 1000 psi _ 70 4- .6f.3 1D0, Of

Shearing Strain, in/in 2.94 2.97 2.?4 ___"

Energy Absorbed, in-lb 14310 3.?701 4,3_M As 170

THIRD SPEED Specimen No. 1-3 1-1"7 /-3f 1/-X? /0 Average

Proportional Limit, 1000 psi 37.q 3.2 _ _ '2. y.-01 ____.

Yield Strength, 1000 psi

Yield Point (Upper), 1000 psi 30. 3.2 37.1 3r3 3f?2. 3?2
Yield Point (Lower), 1000 psi 30.3 2-2.0 -1.9 ý-8.4 33.7 310.

Modulus of Rupture, 1000 psi 47P 1.9 .4 IV./ u?.7

Shearing Strain, in/in _ .4 a../ ?.26 A t 2.2J2 '749

Energy Absorbed, in-lb 3 3 O 4,4'/0o #,4iD 3,437OJ

FOURTH SPEED Specimen No. /-/4 /-42 t-F2 1i I-34 Average

Proportional Limit, 1000 psi S/.o 0 131 /.17

Yield Strength, 1000 psi

Yield Point (Upper), 1000 psi P'.vo Po- C 1.3 07..,
Yield Point (Lower), 1000 psi 3k 34.S 373 39.7
Modulus of Rupture, 1000 psi 4fo 6-73 J,? . 627

Shearing Strain, in/in 4.t4 .a.1 / . 13 .. 2.3# .2.3 .2.2

Energy Absorbed, in-lb 3,5P4 0 3,3/0 3.4(tO _,,, 2,3 0
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Table 2. Torsion Properties of SAE 1018 Steel at O00°F (Not Aged)

FIRST SPEED Specimen No. /- I-6• /-?.2/4 Average

Proportional Limit, 1000 psi ..26S7 /447 1.-07 23.0

Yield Strength, 1000 psi

Yield Point (Upper), 1000 psi .2 K .7 -1 . 27./
Yield Point (Lower), 1000 psi .43 .20.2 .2-4 20

Modulus of Rupture, 1000 psi 93.1/ -72.1 3 ___ _. /
Shearing Strain, in/in .90 0, ?4 a ?• , 0 00?

Energy Absorbed, in-lb 1,3-7? 4/l /4-1 42d /,400 _

SECOND SPEED Specimen No. /-/3 1-6? /-/1 6 Average

Proportional Limit, 1000 psi i.r7 a6.5 .•.4_ 26.

Yield Strength, 1000 psi

Yield Point (Upper), 1000 psi -a7 S- ( ".4 274 .2. 6.6
Yield Point (Lower), 1000 psi 22.1 S5 .1.47 24_ _.3

Modulus of Rupture, 1000 psi gp. 7-7.4- "74.3 73.1

Shearing Strain, in/in /.437 /.L/ Z.2 ? 1,29

Energy Absorbed, in-lb /, ?20 /, 1 '?J' 2,030 ,_ q__ O

THIRD SPEED Specimen No. /-.2 /-J 3 -1,'q Average

Proportional Limit, 1000 psi e'.• 30. / •.0 .2g.

Yield Strength, 1000 psi

Yield Point (Upper), 1000 psi .2 .t- 30. / 2'.0 2f7

Yield Point (Lower), 1000 psi •.2 9•.7 ;1 ___2 .2_fP
Modulus of Rupture, 1000 psi 70.9 704.- 0 _ 73.1

Shearing Strain, in/in 2.03 tO 1.621 /72

Energy Absorbed, in-lb J,9/0 2,3'0 2,4L'0 2, fIO

FOURTH SPEED Specimen No. 1-o f/-( /-/3o Average

Proportional Limit, 1000 psi 2.&./ (0. 3F.W2 -39.0

Yield Strength, 1000 psi

Yield Point (Upper), 1000 psi (4.(3 40.4? 37.2 _ _12ý4

Yield Point (Lower), 1000 psi 23.4- 2.7 :'./ __71

Modulus of Rupture, 1000 psi /-3.1 '177 '72_. _-71,1ý

Shearing Strain, in/in 2.2q /. 96 / __ 2.02

Energy Absorbed, in-lb 3,4ý90 3,120 3, ___ 0
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~13 3. Torsion ftvporbio o SU 4 1018 Stm3. a* 40??P (Age*)

FIRST SPEED Specimen No. 1-t3 /-" /-.• /-IAverage
Proportional Limit, 1000 psi .270 12. k 7 // 4. _ 20.7
Yield Strength, 1000 psi

Yield Point (Upper), 1000 psi 2.70 23.9 . f/ 29S _ 24.7
Yield Point (Lower), 1000 psi -.).0 'IS- J.I, _ 279 20

Modulus of Rupture, 1000 psi .7 V 4OF.0 P/.J- ?2.o0 __ /
Shearing Strain, in/in A5"? O.F? 0.f 9 0?'. FS" 0.90

Energy Absorbed, in-lb 0,060 /,42/ /, 0f,4' _/__

SECOND SPEED Specimen No. /-22 /-S - Average
Proportional Limit, 1000 psi .2S. 027.01 20./ 2,6.9
Yield Strength, 1000 psi

Yield Point (Upper), 1000 psi ;2r4 .70 2- __.1 26.1

Yield Point (Lower), 1000 psi 22:'. 22./ 2.0 23ý2
Modulus of Rupture, 1000 psi 4f.9 7.. 6 71. __/,

Shearing Strain, in/in /.2 /.4' /.32 1._

Energy Absorbed, in-lb ;2,170 ,130 2,110 0,140

THIRD SPEED Specimen No. 1-21 _-_-_ Average
Proportional Limit, 1000 psi .73 2?.' _ _ _ .,7

Yield Strength, 1000 psi

Yield Point (Upper), 1000 psi .273 •2. Z .5

Yield Point (Lower), 1000 psi 2.1 2./ Z7 22z _ y
Modulus of Rupture, 1000 psi 70. J 70.2 70.5
Shearing Strain, in/in :2.16 /. ?-_" ,__ ___

Energy Absorbed, in-lb 3,160 a, YO__0

FOURTH SPEED Specimen No. /-2.1 , /-__0_Average
Proportional Limit, 1000 psi 3S.4 3S.7 373 36.2
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi 3.(4 3P•. •37 362

Yield Point (Lower), 1000 psi 2I.// 2.2 30.0 2 t, r
Modulus of Rupture, 1000 psi 621' J? -. _ __72.0

Shearing Strain, in/in 2,6P 2.2f 12.27 2.4/0

Energy Absorbed, in-lb &,0- -,160 3, 73 1_ _ 3, 60
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T. ewslea Pwm~.wtis of U ma steel at. To* 70 (fet A.46

FIRST SPEED Specimen No. 1-31 L-3 1-/133 Averag
Proportional Limit, 1000 psi /3.2 /410 /r,-7 /__3

Yield Strength, 1000 psi 14.6 /7. 20,1 /i.2
Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi r-7.3 603 46.? _/__

Shearing Strain, in/in 3,/f 3.0Of 3 2 V 3,17
Energy Absorbed, in-lb ,,/?atO 4,2to 4,90, _4,/.O

SECOND SPEED Specimen No. /-4r S i- 1-1304 Average

Proportional Limit, 1000 psi /3. ? /Ao _S 2

Yield Strength, 1000 psi -/7 /9 7 /?_7
Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi ko.6 6f, f /, 0 __7o 1 ý7,0

Shearing Strain, in/in ,I? ,2.40o .2.13 2.2,2
Energy Absorbed, in-lb j4ko 3, S70 3,220 3_325.0

THIRD SPEED Specimen No. 1-41/ /-/ /- 1 3t Average
Proportional Limit, 1000 psi 199 22.' 2.2.f _ _ _

Yield Strength, 1000 psi

Yield Point (Upper), 1000 psi 1,9 2.2, 2., 2S,.

Yield Point (Lower), 1000 psi / 2& /.o, 20.1

Modulus of Rupture, 1000 psi jO.4 64.9 6?•. _.

Shearing Strain, in/in /. .I/ 7 .31 /. ___

Energy Absorbed, in-lb 1, /4 1,94 /?3,0 /._ /,030

FOURTH SPEED Specimen No. I-t0o /-0' f-/f2 Average
Proportional Limit, 1000 psi 29.j 4.6 /,.p 207

Yield Strength, 1000 psi

Yield Point (Upper), 1000 psi .1.o 2,6 2t. 4. _ ?0

Yield Point (Lower), 1000 psi 22,? s-. F .2/.62- 3

Modulus of Rupture, 1000 psi 6"7.6 -710 674.1 4?,.
Shearing Strain, in/in 1.'70 t. 3? 4 _ /_. _ S_ V

Energy Absorbed, in-lb 2,40 -ý o t ,121 E2,2_30
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Table 5. Torsion Properties of SAE 1018 Stool at 700oF (Aged)

FIRST SPEED Specimen No. /-.2P /-Yf /-to Averaie

Proportional Limit, 1000 psi / S. //.( /3.4 /13.3

Yield Strength, 1000 psi i.- •/.o . /___

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi ý/.8 62.9 1.4 r 42.1

Shearing Strain, in/in 3.30 .• 14.7 2. __ _2.91

Energy Absorbed, in-lb c, 3V0 q1, // I1 3,2 _ ?13,0

SECOND SPEED Specimen No. /-26 l-q/ I-//7 Average

Proportional Limit, 1000 psi /'. ,'goq //. ._ 7'.
Yield Strength, 1000 psi /7.7 / /? ? i_,_

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 6£Z 6.•" W _-__._ 6.'
Shearing Strain, in/in .,. 4.4, r.- /. ,/ 2.3/

Energy Absorbed, in-lb 3,370 3,?.0 d? _.ý __ 3.O

THIRD SPEED Specimen No. /--7 /-p 1-12.1 Average

Proportional Limit, 1000 psi /1.2 ,2.0 23.0 V_2,

Yield Strength, 1000 psi

Yield Point (Upper), 1000 psi 20.? 2/.0 23,0. Z/._

Yield Point (Lower), 1000 psi /./ 1?0 22.1/ 20.2

Modulus of Rupture, 1000 psi 60.9 b6 6 69'..6 6h.4
Shearing Strain, in/in l.'l 137I. 13.1 -3P

Energy Absorbed, in-lb 2,020 l, /,72, _ ¼'? 0

FOURTH SPEED Specimen No. -i /-6o -2 /-? Average

Proportional Limit, 1000 psi as.6 262 24._ 2•.0

Yield Strength, 1000 psi

Yield Point (Upper), 1000 psi z 2. 26.2 _ 26.0

Yield Point (Lower), 1000 psi 22.0 :20.6 "0.6 _I

Modulus of Rupture, 1000 psi 69.71 60" '73.2 _ _._ /

Shearing Strain, in/in /. S7 I.4 21? /.

Energy Absorbed, in-lb .2,070 2,o00 P01 __, Pooo
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Table 6. Torsieo Properties of SAE 1018 Stoel at 100OP
(Not Age d)

FIRST SPEED Specimen No. /-,71/-13 /-I'7 Average
Proportional Limit, 1000 psi 40,/6 3.64 21.f _5-7

Yield Strength, 1000 psi _ 4,O I ..7 112- /0..0

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 2-3.3 24(,(. .,q _ .23.0

Shearing Strain, in/in 7,67 " I7. /0.07

Energy Absorbed, in-lb 3,130 2,0O 6,s3q 4,1190

SECOND SPEED Specimen No. 1-6/ I(-11 f-/('f Average

Proportional Limit, 1000 psi I;/ 1,.I 1/0.2 /3.9

Yield Strength, 1000 psi 6 ?0 .- /41.0 /4.2

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 3/.S- 34. 30.t 32.0
Shearing Strain, in/in 7.3? S.02 Ftit, 6.91,
Energy Absorbed, in-lb S2r0 .2 '73, f £?,' 794 t 4"9 0

THIRD SPEED Specimen No. 1-63 /-/fS 1- -//? 143 Average
Proportional Limit, 1000 psi ).7 1. 0 /aI v S' 1/.3

Yield Strength, 1000 psi 13.4 /0 .L1/.2 7.2- 171.
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 3&/.2 4/.0 40.49 36.z2 _3_.

Shearing Strain, in/in 4.42- 3.44 3./ F/ 2 400 41.0
Energy Absorbed, in-lb _ 2, /o 2, 6o 3,310/ ._,_

FOURTH SPEED Specimen No. /-42 f...4 /-/412 I-/V,6  Average
Proportional Limit, 1000 psi 22.2 z2. 4 V1.3 2 2 __6

Yield Strength, 1000 psi 24.3 2 r, r /. 2 34.2 _. 23.7
Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi r2. P0 4,2 PS' . z ,_ 41.

Shearing Strain, in/in 3.Os ;' 3 3.06 3.311 _.0_-

Energy Absorbed, in-lb 3,030 2, 20 2, 2 'O 3,0f'0o 2,?/0
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ta'bla 7. .Ttiu fpt.i~ of SAU 1018 St*1 at io00* (As )

FIRST SPEED Specimen No. /-123 1-131 /-/,1 Average

Proportional Limit, 1000 psi /2.3 /2./ /Is.1 12 .3

Yield Strength, 1000 psi /1q43 . 131 _ ._

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 22.9 I.-9 1q. 2 _1.

Shearing Strain, in/in 6,6q 7.r3 q.9 7.7_ 7_

EnergyAbsorbed, 'in-lb 3, 2Vo 3, 0oo 3 _1_. _2 09_

SECOND SPEED Specimen No. 1-124 1-13, I-/IS Averag

Proportional Limit, 1000 psi /S6 /3.1 /3? /4./

Yield Strength, 1000 psi 17. /I.2 /IS.7 /J.2

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 32.9 30. 21a 30.9

Shearing Strain, in/in S.97 ?-.Of 9.// 772

Energy Absorbed, in-lb 41,9/ •,-o t ,02d _,_ 4o

THIRD SPEED Specimen No. /-/.2,2 1-131 -_/•r Average

Proportional Limit, 1000 psi / 3,'r /2, / //._ S /2.,v

Yield Strength, 1000 psi IS/;O /3.2 /32 13.

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi .2 ?. o 26. 26.2 2._

Shearing Strain, in/in 3.??7 4. OI L _.4

Energy Absorbed, in-lb 2,270 .2,2f 2,t _,____

FOURTH SPEED Specimen No. /-/0. /-/o /-/4 Average

Proportional Limit, 1000 psi .9.2 2O. ? 17.3 _?._

Yield Strength, 1000 psi .20.1• 1A /7.3 . .0. 0

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi S3.3 FS.- 010 _.o _3

Shearing Strain, in/in 3.03 3.z3 3.0o 3./I

Energy Absorbed, in-lb 3,07o 3,0/0 ;,0_ _ 2, 90
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Table .8. Torsiom Properties of SAE *30 S~eel at Rom

FIRST SPEED Specimen No. 2-Pt 2-f' 2-/lo0 Averaag

Proportional Limit, 1000 psi ?/1 171 /o00.0 o,(
Yield Strength, 1000 psi 1/3.0 ,o?.o ,/o.o //00

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi i3Fo 13S. ,40 /173
Shearing Strain, in/in o. g.. £/O92 ?2_ _

Energy Absorbed, in-lb 2, 20 0 2,900 2_ ____

SECOND SPEED Specimen No. 2-40 2-92 2-1/3 Average

Proportional Limit, 1000 psi R. 92.4 ?70 _/. 7
Yield Strength, .1000 psi /03.0 /O•. /0.9.0 /0_.I3

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 137,0 /34,( 140 13_

Shearing Strain, in/in O. 77 o0 , ?1O. ___ ___

Energy Absorbed, in-lb 2,760 3,3/0 3•, / __ 3,0O0

THIRD SPEED Specimen No. 2-f .2-f? . 2-121 2-123 Average
Proportional Limit, 1000 psi 1#6.3 fO.O OP.0 ?US /00. 924

Yield Strength, 1000 psi 0t.S /090 9.0 9'.S•0 4o.O /___

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 143. 13•.0 /2S'o /3.2 134.o /33.2

Shearing Strain, in/in 0. O' /.23 /.of 0.&/ 0. 63 0,7

Energy Absorbed, in-lb 2,660 3, 9 O 3,13o 0,1 O 4 ,9 o

FOURTH SPEED Specimen No. 1 2-1•4 2-1/0 .- /22 Average

Proportional Limit, 1000 psi //i.D /06. ?,o //0o

Yield Strength, 1000 psi //?a0 _ '.o f/.O10

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi /37.7 /40#.S /317 /4(I/. /_0/
Shearing Strain, in/in O03 0.37 a.S-2 o. 4d _ 0,13
Energy Absorbed, in-lb 4,2201,2 /,42 70 /3OZO /,40
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Table 9. Torsion Properties of SAE 4340 Steel at 400°F
(Not Aged)

FIRST SPEED Specimen No. 2-42 2-9S' 2-/1f Average

Proportional Limit, 1000 psi ?9.•' 2 4J.0 _ _ _

Yield Strength, 1000 psi Fr"7 P0.7 R/.9 _'/__

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi /39*. /4o. /17.0 /_2

Shearing Strain, in/in 0.?• 0.9?7 0. •t 0.
Energy Absorbed, in-lb 3,0,(0 3,030 .2, 790 1 2, ?A0

SECOND SPEED Specimen No. 2-31 2-t/2 2429 Average

Proportional Limit, 1000 psi ?a0.r ?2.v 79./ 7?_._
Yield Strength, 1000 psi F00 o 940 9/. _ _ f/r

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 1/71- /3.7 /32.-_- /32. S

Shearing Strain, in/in O.e'" 0*07 0771 _. __

Energy Absorbed, in-lb .12,S00 -1101.2, _ 2_ x 2,741f1

THIRD SPEED Specimen No. 2-3S 2-_ 2-/ Average
Proportional Limit, 1000 psi 17'? 6'>. F .( __ _-

Yield Strength, 1000 psi 92.r 9.? ____ ___

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi /22. 1 22.? ./ //72 F 23."

Shearing Strain, in/in 0. f 1/3 /.O9 4.07
Energy Absorbed, in-lb 2, 7S0 3,1'o 3.0fO .2,_f 290

FOURTH SPEED Specimen No. 2- N 2-#0 ;1-//0' Average
Proportional Limit, 1000 psi t-.0 f?.r 90. O _ ___

Yield Strength, 1000 psi 9?.1 ??4 f.1 P70
Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi /.0 ,144 , a- ?/,0 /I.!
Shearing Strain, in/in 0.$2 0,,Of 41_f _ _ __

Energy Absorbed, in-lb ,3o t,2'O /,9 0 ,30
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Table 10. Torsion Properties of SAE 430 Steel at 4OF
(Aged)

FIRST SPEED Specimen No. 2-.¢ 2-S 2-60 2-7t' Average
Proportional Limit, 1000 psi ItO '70q S - 70.. P __ .
Yield Strength, 1000 psi 1/v/ F f -7 2.4 '72 7F2
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 114.i 43.0 //e?/ 144701 39.1
Shearing Strain, in/in O. F2 9.70 a.?9t 0 fP 0,93
Energy Absorbed, in-lb 2,13o 2,2 70 2,70 2,?90 2, '0

SECOND SPEED Specimen No. 2-2h ' -S 2-94 Average
Proportional Limit, 1000 psi 79.d '7 "7,0 / 771 70
Yield Strength, 1000 psi of.• 90.(' 41 '7 ___._

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 1172 132.3 1/2,._ 12_/.0

Shearing Strain, in/in 0... 0.Ag 0,a __ a._ 0.1/
Energy Absorbed, in-lb 1 2,4// .2, vto 2,1/0 2,360

THIRD SPEED Specimen No. 2-/I 2-4 A- _7_ Average
Proportional Limit, 1000 psi 7/2 77?F 72.1 7.??
Yield Strength, 1000 psi ft 2 93,/ n,2.t __

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000'psi
Modulus of Rupture, 1000 psi ,//,3 /2o.2 /22.1 122,2

Shearing Strain, in/in 1.03 0.70 A9? 0_, 09/
Energy Absorbed, in-lb 2,.?o0 2,o0- .2,724 2, P20

FOURTH SPEED Specimen No. 2-61 :2-7f 2-174 Average
Proportional Limit, 1000 psi 1Oo.f /P/2. /oP./ 1_02..1

Yield Strength, 1000 psi 100.' 9 .4/ 1 014 __ /02,?

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi /202 i1,P0 i2 .4 _ _ /20,7
Shearing Strain, in/in Or7 i•/ 767 0. _ r?, ___

Energy Absorbed, in-lb 4,30 /, 'o /63 p_ _, _ ro
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fTble 5. Torsion Preperties of SAE 1018 Ste.l at 70O°F (Aged)

FIRST SPEED Specimen No. /-2t, -?? /-/o Average
Proportional Limit, 1000 psi I1.1 I-.4 13I. 1_3.3

Yield Strength, 1000 psi /16 D/.o .0 .4 /_.0
Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 61 .r 62,9 6/.1 p2.f

Shearing Strain, in/in 3.30 3.2 7 42. 21.79

Energy Absorbed, in-lb 4, 3(0 4/I0 0, ,27# 3e 2, f40 1

SECOND SPEED Specimen No. 1-a,6 /-?/ /-//7 Average

Proportional Limit, 1000 psi 1419 /7. 1•.g -/1.
Yield Strength, 1000 psi /'1.7 / I _. __/io

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 6 x.S- 691 6.3 6,6.1
Shearing Strain, in/in 2.4 4 /./ 4? 2.31

Energy Absorbed, in-lb 3,3 ?V 3, ft ;?4 3_._ 3,1-20v

THIRD SPEED Specimen No. /-j,7 /f /-I/.z Averae
Proportional Limit, 1000 psi 2 .2 / 10 2-3.0 _.

Yield Strength, 1000 psi

Yield Point (Upper), 1000 psi .20.9 21.0 23,0 Z_/ .,
Yield Point (Lower), 1000 psi 29.1 /7.0 *(1. 2o.2

Modulus of Rupture, 1000 psi 60.9 6Po,6 6. _6 _ _.

Shearing Strain, in/in t-1 139 /lq Z_"

Energy Absorbed, in-lb 2,020 1, g I,72_ _ i7 0

FOURTH SPEED Specimen No. I-4fI /-0 /-f2 AveragL

Proportional Limit, 1000 psi .t; 26.2 24.2 0240

Yield Strength, 1000 psi

Yield Point (Upper), 1000 psi 2.6 24.2 26.21 24.O

Yield Point (Lower), 1000 psi 22.0 :20.6 ".6 2/./

Modulus of Rupture, 1000 psi S7 6SS" 73. _.__. 4
Shearing Strain, in/in /.r7 fS A1 2j? 1. 1

Energy Absorbed, in-lb P2,020 2,0s0 1 ,•___,_000
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Table 12. Torsion Properties of 8AR4, 340 at 70OPF (Aged)

FIRST SPEED Specimen No. 24-3" 2-4.7 9 Average

Proportional Limit, 1000 psi 62.6 723 6/0 _ ___3

Yield Strength, 1000 psi 7/.• 9i.4' 690 71.0
Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi /oO ,O. lo "40 / 11_/2.0

Shearing Strain, in/in /. ?'.7 3 3 1.30 /. _ ;_

Energy Absorbed, in-lb 3,3'o y.'f P 320 3 _3_20_ 3,4100

SECOND SPEED Specimen No. 2-32 2-* 2-g Average

Proportional Limit, 1000 psi 6.I 62.S- 4/3 ,63,1

Yield Strength, 1000 psi I/JO -2. W ' _ 7??.
Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi /'.0 /.174 11,70 //1,,2
Shearing Strain, in/in 13( ./ /.2t" 12_

Energy Absorbed, in-lb 3,4S-O 3,14' ?,/o W._ _O

THIRD SPEED Specimen No. 2-3: 2-6/ 2-h'3 Average

Proportional Limit, 1000 psi ?40 5•4(9 66,, __ _

Yield Strength, 1000 psi V,. 4°3.[ 20 ,_ ?" _

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi /1-76 //J•.[ IIP2 111//
Shearing Strain, in/in . ff/ 0. '70 0.0 0, 77

Energy Absorbed, in-lb Ai40 /, f'O Ff9-a/, ___ /, _

FOURTH SPEED Specimen No. 2-C2 2-42 2-f 2  Average
Proportional Limit, 1000 psi 9.0 9/,.2 err- _/_

Yield Strength, 1000 psi ioo. ?/.4/ •.7 92.9

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi I/y. yi, _ ___., t/
Shearing Strain, in/in 0. / s.71 i 0.70 _ _ ___

Energy Absorbed, in-lb ,FOO /,,62o 1,o120 4 ,7/0
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Table 13. Torsion Properties of SAE 4340 Steel at 1000°F
.(Not Aged)

FIRST SPEED Specimen No. 2-3? 2-01/ 2-4(? 2-/or 2-/1Y? Averag
Proportional Limit, 1000 psi 31.6 3 0' 31:1 3k7 311.F
Yield Strength, 1000 psi q3 _ 44'3. 417 1 9P 1 41.O

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi ____ _ _.. I __ 1 •-~
Shearing Strain, in/In "(9 3.6e 440 _.___v 3.91

Energy Absorbed, in-lb _ 6 _ 154( 0,/0O /,440

SECOND SPEED Specimen No. 2-3(* 2 2-f7 2-/o1 Average

Proportional Limit, 1000 psi 1/9.8 "O,6 £/9.1 4L92

Yield Strength, 1000 psi 61.1 62.0 6O0,6 _ _

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 7/.? 72.1- 7/0 _/._ ,

Shearing Strain, in/in 2. z9 1/ 2,9 f 2.7

Energy Absorbed, in-lb 3, ?20 3,7201 4,1741 3, 910

THIRD SPEED Specimen No. 2-37 2-lo*7 2-/3P Average

Proportional Limit, 1000 psi k4. 6 f.• P.4 0__,O

Yield Strength, 1000 psi b.8 7/.( , _. ___.2

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi ??/ A'.' 866 _._

Shearing Strain, in/in /.30 1.04' 9 f_ _ /18
Energy Absorbed, in-lb 7,790 0 41o _,__ I, _ __

FOURTH SPEED Specimen No. 2-/10 2-120 2,-/?4" Average

Proportional Limit, 1000 psi 69 2 '7F? '79 P Al r.

Yield Strength, 1000 psi '7/ f 7•. _ _ _ 9
Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 10,: 9.1 io)31 _.9

Shearing Strain, in/in /Z?0 1.2f 9 _ _ /. _

Energy Absorbed, in-lb /,4'0 l,97o 4, _/_ /,4 20
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Table 14. Torsion Properties of SAE 4340 Steel at 1000°F (Aged)

FIRST SPEED Specimen No. 2-/ 2-f 2-1/ Average
Proportional Limit, 1000 psi 370 301. 3.. 32

Yield Strength, 1000 psi _____0 03r _ .,

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi r7p ?. 2 SW, _ _ _./

Shearing Strain, in/in &,/F r,00 •1/ V _ _

Energy Absorbed, in-lb Sf,2-f0 // 7_,1, 1//V

SECOND SPEED Specimen No. 2-2 2-10 2-20 Average

Proportional Limit, 1000 psi 4'6.• S0 1// _ _ #4

Yield Strength, 1000 psi 40/ P?1/ S?• _ _ _ __

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 6?.0 it.? 6f.4 4___

Shearing Strain, in/in 3,2? 3.3/ 3.0 41 3.2/

Energy Absorbed, in-lb 4S/0 4, ',4,9 120

THIRD SPEED Specimen No. 2-3 2-11 2-2/ Average
Proportional Limit, 1000 psi 0..? f.2 r?/ __ _

Yield Strength, 1000 psi 6?.0 6./ 69.2 _ ____

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 0012 7 7. _.

Shearing Strain, in/in 1./s" / /6 1/1/ /./Y'
Energy Absorbed, in-lb 4,1?o /,7?I'o 1,S70 ,670 ,

FOURTH SPEED Specimen No. 7-4( 2-/ 2  2-22 Average

Proportional Limit, 1000 psi F0.5 7?? P-0• __.2

Yield Strength, 1000 psi ?/2 0. 0 p/. / _ _ /0

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 96.5 9V. 979 __._

Shearing Strain, in/in /1 [2 A.1/.21 /._ _

Energy Absorbed, in-lb /,/Io ,9.0 4P00 F4901
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Table 15. Torseio Preperties of SAX 43O0 Steel at 1200F (Not Aged)

FIRST SPEED Specimen No. I-95 ;-0? 2-10/ Average

Proportional Limit, 1000 psi 2.6 3.5 ' i6 3.3.

Yield Strength, 1000 psi '.17 6.7 7.7 ___ _._

Yield Point (Upper), 1000 psi _

Yield Point (Lower), 1000 psi __

Modulus of Rupture, 1000 psi 12.1 •. I.o y_ 0J. 5
Shearing Strain, in/in 5(4 7.0 t.ZS to _ _ 3

Energy Absorbed, in-lb 11 2O Zoao . v 09

SECOND SPEED Specimen No. 2-& 2-72 ,-)/9 - Average

Proportional Limit, 1000 psi .,K .2/. _ __. _ 72.11

Yield Strength, 1000 psi .27, 24". 23.0 2. /
Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi ?3.1 30.0 2272 30.

Shearing Strain, in/in /0 j - 6.1P- _._ 3

Energy Absorbed, in-lb 4,-,9 g2j 92O - __ -20 4,,3YO

THIRD SPEED Specimen No. 2-417 2- -.7 - 12 Average
Proportional Limit, 1000 psi 344 3F.h' ?/1 ?g. 3443

Yield Strength, 1000 psi 42 4A2 4/o. ____

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi '19.3 11-.3 '/7 8'_ _

Shearing Strain, in/in 3.9'7 3-37 3." _._

Energy Absorbed, in-lb 3,030 2,6 4 ,/0 :5 _ _ _ 2,1/0

FOURTH SPEED Specimen No. 2-P9 2-IV 2- f9 Average

Proportional Limit, 1000 psi 663 SSF-. 7&. _

Yield Strength, 1000 psi 67a 6S40 91. _ 70.0

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 7/.o -72.0 77 _ _4/ _ .
Shearing Strain, in/in '.33 .2?,!/ _ ,/_ _ .?

Energy Absorbed, in-lb /,20oo i,64o 2,26 _ 3230
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Table 16. Torsion Properties of SAE 4340 Steel at 120001 (Aged)

FIRST SPEED Specimen No. Lily' Q-I'/3 2-PU7 ___ Average
Proportional Limit, 1000 psi /.6 /.3 0. q /,.3

Yield Strength, 1000 psi 37 4. 3 Y.z.. 7
Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi _

Modulus of Rupture, 1000 psi //4 J2, 4 _.__ __._.

S h e a r i n g S t r a i n , i n / i n f , 7 / 7 .1 J. _ _.7Z
Energy Absorbed, in-lb .2,2040 I€ 1 0. 1 1|,7 30

SECOND SPEED Specimen No . 2-13F 72-/•f -/4/f Average

Proportional Limit, 1000 psi 23, .20,6 22,0 22./

Yield Strength, 1000 psi 21 /24 2P3 2t,/

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

M odulu s of Rupture , 1 000 psi :2-T 2 6.7 4 ?k __,_

S h e a r i n g S t r a i n , i n / i n /YO-' •2 ? //.? I_ a .5€f

E n e r g y A b s o r b e d , i n - l b S; 4tto 472, ,/_ P_ 2

THIRD SPEED Specimen No. z-13? 11/41 t -/ Average

Proportional Limit, 1000 psi 21/2 /?,7 2-1 _23.3

Yield Strength, 1000 psi 2?{ .2P6 300 ___._

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 3S.0 30,0 -7.7 3 4(._3

S h e a r i n g S t ra i n , i n / i n V .4tF r02- . 1 9 4, _ , 7 -f
Energy Absorbed, in-lb -2, 7?{O .,/0 3, -2fr 1 _2,_

FOURTH SPEED Specimen No. ;t/- 2-40 2 /S'2 Average

Proportional Limit, 1000 psi V/.2. / -t7 3F.Z V./2, /

Y i e l d S t r e n g t h , 1 0 0 0 p s i .31/ 4 ,6, 4/ 0 •/_ 4 3.2

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi 4_

M o d u l u s o f R u p t u r e , 1 0 0 0 p s i P 3. .2 44 ?.P_.
Shearing Strain, in/in 3.?2 1/.2 4.00 4,10,6

Energy Absorbed, in-lb d 3 0 4•030 3,..0 _, __/__
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Table 17. Torsion Properties of 24S-T Aluminum Alloy at Room
Temperature

FIRST SPEED Specimen No. 3-2 3-31 7-44 Averag

Proportional Limit, 1000 psi Oi.g7 21/ 0 22.6 23.

Yield Strength, 1000 psi . 2.P 30.2 4.9_ 2?.2

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi __._ S-•.5 p.2 _-_._ "

Shearing Strain, in/in 0r/ 0.•2 03.71 a. r_3

Energy Absorbed, in-lb 660 UP '730 __ 6 0

SECOND SPEED Specimen No. j-I 3-31 3-6f- Average

Proportional Limit, 1000 psi /Sf4 2.1 /1.3_ 20.!

Yield Strength, 1000 psi 29.7 2"O 2 ?. S" 2_01

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi S-?' •/ 7.41 fS.: __._

Shearing Strain, in/in O f a . ./ _. _ -

Energy Absorbed, in-lb 6 90 '71/0 S-20 40

THIRD SPEED Specimen No. 3-3 3-3 4 3-67 Average

Proportional Limit, 1000 psi -2/.? /?.0 23.? _ _ /.'

Yield Strength, 1000 psi ?0.6 ;49 3,0,7 0 .•4

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi S'6." S7•-,,2 t-4,2

Shearing Strain, in/in 0. S2 0. S"( 45"2. _. _ 3

Energy Absorbed, in-lb 65S70 660 620 6440

FOURTH SPEED Specimen No. 3-S2 3-11 ? -? Average

Proportional Limit, 1000 psi 3. 371/ 33.1 -3,6.2

Yield Strength, 1000 psi 3?.t 93, I- )41 3.2"
Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi i S4 5•.• . S-6 9.9

Shearing Strain, in/in d5-2 O.S-2 0,50 _O /

Energy Absorbed, in-lb 6/O X30 6001 /0
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Table 18. Torsion Properties of AS-T Aluminum Alloy at 2000°
.(Not Aged)

FIRST SPEED Specimen No. 3-//3 3-/11 3-it Averag
Proportional Limit, 1000 psi 246. 26.0 :.5 .270

Yield Strength, 1000 psi 34 2.- 34{1 _ _ _ 341,'0
Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 6.1 / 7 61/2 _61/

Shearing Strain, in/in 0 F9 o ?3 0.82 _. pop
Energy Absorbed, in-lb I2410 ,24o /,0d0 /,/__

SECOND SPEED Specimen No. 3-3 R-/12 7-/40 Average

Proportional Limit, 1000 psi 2•(0 26.. 420 o;z67

Yield Strength, 1000 psi 33.6 32.2 32. _ _

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi &7,F S77 ST. __ _ _ /

Shearing Strain, in/in 0. P7 0A 4ý 0.s£/ 00._'_

Energy Absorbed, in-lb 7/o 60o 630 _670

THIRD SPEED Specimen No. 3-37 3-41 3-/2/ Average
Proportional Limit, 1000 psi .271 20 22, / .
Yield Strength, 1000 psi 32.7 33.2 3•.6 32.5"
Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi P4,.' "32 /(/ _..._ "

Shearing Strain, in/in "I 0/ o.(/7 a, SY 00

Energy Absorbed, in-lb go0 600 SO _ _O

FOURTH SPEED Specimen No. 34//2 3-11// 3-122 Average

Proportional Limit, 1000 psi 3,6.3 .t(,,/ 32.12 33/.

Yield Strength, 1000 psi 3?. 29.7 37.P _ .S_
Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 6/. 6 1/2 6a0.0o /.
Shearing Strain, in/in a.4T o. _ S' o,7 _ _ _ _

Energy Absorbed, in-lb 600 6 n0 600 1/0

WA= TR 53-10 105



Table 19. Torsion Properties of 24S-T Al1aim Alloy at 200°F (Aged)

FIRST SPEED Specimen No. Fr-/ 3-2 / 3.132 .... Average

Proportional Limit, 1000 psi 2f,9 21/.- 23., 23.7

Yield Strength, 1000 psi 3.t7 292 3 283 3/.11

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi A3., SY ' _g_•_2_ 1/ •"

Shearing Strain, in/in /. 00oo a '1 /_.00

Energy Absorbed, in-lb 1,47301 /,3201 4 010 1, 43,-0

SECOND SPEED Specimen No. 3P4 3-14 )-J' Average
Proportional Limit, 1000 psi 2412 2Z3.2 26.3 2//9

Yield Strength, 1000 psi 3/1. 32, .72,9 32,3

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi s1.4 •.j. •.0- _4?. 2-

Shearing Strain, in/in 9.52 0.&2 0.3 612
Energy Absorbed, in-lb fro 720 920 _930

THIRD SPEED Specimen No. 3-t-3 )-Ft 3-133 Average

Proportional Limit, 1000 psi 30. 0 2f.f 2;2.0 _26.?

Yield Strength, 1000 psi 3. 2 71/0 30.2 _.-

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi f.•6. .1t4 5•.6 ___ ._ ___

Shearing Strain, in/in 0.4' -I 0.5"0 _._ _

Energy Absorbed, in-lb 4100 / fVo_ 600

FOURTH SPEED Specimen No. 3-20 3-tg If Average
Proportional Limit, 1000 psi 2'.0 27.F 3.? _ _/.

Yield Strength, 1000 psi 343 410.1 4415 3f._

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 61. 6. . 2.3 _ _ 2.3

Shearing Strain, in/in 0.,. 0.412 V.' Io,• f 0.47
Energy Absorbed, in-lb 63o P6o 0 _ _ _/0
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Table 20. Twaim Pwpftoa #f 248.-T Aluiu Alley &t 4006P
(Not Aged)

FIRST SPEED Specimen No. 3- - 23 3-/3 Avera
Proportional Limit, 1000 psi 21/,? 24.01 2?.r _z_6 f I

Yield Strength, 1000 psi 3P.g 3A S. 4e-7 33.9
Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi il4(S. 37Z 132. 1/.6

Shearing Strain, in/in 0 4P 0.V? 0. 47 _.

Energy Absorbed, in-lb 4120 370 ('60 4120

SECOND SPEED Specimen No. 3-/1 3-121 3-_1M Average

Proportional Limit, 1000 psi 21/.0 21.8 2F./ 23.?

Yield Strength, 1000 psi 30.0 ?.z 341? 31_

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 4?3 S-40 u9 _ _

Shearing Strain, in/in 0.76 0.79 0.42 a 71/
Energy Absorbed, in-lb ?20 ffo 6fL _O49o

THIRD SPEED Specimen No. ?-i 3-10? 3-13t A__ Avera e
Proportional Limit, 1000 psi 30. 3 .O 2?.2 3/0

Yield Strength, 1000 psi 36' 3•.?t 3t0.
Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 06.2 4(.2 11t. _ I/ r3

Shearing Strain, in/in 0.62 0. 6_O ___0 _ .SY

Energy Absorbed, in-lb rO 410 201 _-

FOURTH SPEED Specimen No. 3-72 3-/o- 3-(I_ Average

Proportional Limit, 1000 psi .21// 21. 2. _ 27?

Yield Strength, 1000 psi 32.1 W/.2 32.7 3S:3

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 44. ? /,t.7' (.2 zl?.3

Shearing Strain, in/in 0.3 0.22 0.40 033'

Energy Absorbed, in-lb 4V30 210 07#1 3S0
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Table 21. Torsion Properties of 24S-T Aluminum Alloy at 400°F (Aged)

FIRST SPEED Specimen No. 3-2f 3-93 ./31V Average

Proportional Limit, 1000 psi 2/.0 o240 1/?? • 2/._

Yield Strength, 1000 psi 2t. 2f.2 22,6 2SP.

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 2 r.t 2 9 26.o 27.

Shearing Strain, in/in 0. o- 0.-2 0.7 _ 0.o,6/

Energy Absorbed, in-lb I /O 3 1390 3 ?0__ 34L0

SECOND SPEED Specimen No. 3-?v )-/? 3-1.t, Average

Proportional Limit, 1000 psi 26.0 '2/X, /_ 2/.0

Yield Strength, I000 psi 3:2.2 Z7. 2/.1 _ _ 270

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 39.3 33. ,:2.•7 _._ -

Shearing Strain, in/in 0. o /1 /.3F? _ 3 Y Off

Energy Absorbed, in-lb 700o 7 go 1770

THIRD SPEED Specimen No. 3-•7 3-F? ?-/.77 Avera ge

Proportional Limit, 1000 psi 2f. 1 .? /1.7 29?.

Yield Strength, 1000 psi 32$r 3. r . ' 2-3. F0.9

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 3?. 4Q•.7 3110 __ _

Shearing Strain, in/in 0. - 0 .07/ Z 0 _ 0. 0(

Energy Absorbed, in-lb 6V0 46o O 70 0

FOURTH SPEED Specimen No. 3-9 34-0 3-f2 Average

Proportional Limit, 1000 psi 3.1/ 2 .2 1 _2.1 31_1

Yield Strength, 1000 psi M.3 32.11 366. ___'_

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi Of./ q'7.'7 44I. r ___/

Shearing Strain, in/in 0..9 ? .12 0.27 _.2_

Energy Absorbed, in-lb ?V00 311,'01 2.701 100
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Table 22. Torsion Pr"erties of 24S-T Aluminum Alloy at 600°F
(Not Aged)

FIRST SPEED Specimen No. 3-1/d 3-/--7 Y-i/ Average

Proportional Limit, 1000 psi I9 63 7.3 _ _-

Yield Strength, 1000 psi 7.7 7.? lO. _._

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 1,3 h.Y /2.3 _._

Shearing Strain, in/in /442 .3 /.9-7 / 6
Energy Absorbed, in-lb /8,O 270 :2 10 2S-O

SECOND SPEED Specimen No. '3-#/ J-/// )-t-4 Average
Proportional Limit, 1000 psi /0.2 /2.( io.1 /1.0
Yield Strength, 1000 psi /.r /3.1 /1/ /3.3
Yield Point (Upper), 1000 psi
Yield Point (Lowar), 1000 psi
Modulus of Rupture, 1000 psi /A.4 7 .C /6.2 1(s _IS2

Shearing Strain, in/in 142 /. S- /.47 /1'/9

Energy Absorbed, in-lb #20 Z•io 46,01 _1/30

THIRD SPEED Specimen No. )-1.? )-/0- 312f 3-/03 AvAverage

Proportional Limit, 1000 psi 26.• /7.2 i 1.2 /•.2 ___ /
Yield Strength, 1000 psi /%. / 4O Iv /7.0 1/7.
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 20.3 22.7 23.0 /9. 7 2.41
Shearing Strain, in/in /.67 2.017 1.76 /.i37 /_ 2

Energy Absorbed, in-lb 4?O0 (Ol 7 .0 t'10 _ 00_

FOURTH SPEED Specimen No. 3-20 )-/3o J-I__ Average

Proportional Limit, 1000 psi .21.1 / C/ .t"O .20.

Yield Strength, 1000 psi 2/.1/ If.? /. t 20.1
Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi at7 .4 _2_._ __. 273
Shearing Strain, in/in 0.7? l./t* 0 _ 0. _

Energy Absorbed, in-lb 3?? 0 0 4O __
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Table 23. Torsion Properties of 24S-T Alutrnim Alloy at 6000F (Aged)

FIRST SPEED Specimen No. 3-/141 3-/412 3-IP7 Average

Proportional Limit, 1000 psi ..6 3.3 /6 2._P

Yield Strength, 1000 psi I/ P .3 /. 4/1
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi S., .2 3.3 S.0

Shearing Strain, in/in 2, 2.13 4.33 3,//
Energy•Absorbed, in-lb 330 270 290 ____ 300

SECOND SPEED Specimen No. 3-/,? ?-9( 3-/01 Average

Proportional Limit, 1000 psi 4(./ S.I/ S4. ? __

Yield Strength, 1000 psi 6.jJ.t- _. _ 6.3

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi v'7 7. . _ 79
Shearing Strain, in/in k. / 6.2t- 734 _. 60
Energy Absorbed, in-lb 1,030 t9?o 40/0 /,_ o/0

THIRD SPEED Specimen No. ?-f/I 3-131 1-/f Average

Proportional Limit, 1000 psi 7. 2 ?.9 •. __

Yield Strength, 1000 psi y. ?.0 .S. ___._

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi /1.0o U . I" -2P 130
Shearing Strain, in/in 6.73 7. /. 0 a ?. 31

Energy Absorbed, in-lb /0/.20 /,40 V l d, m 4, 9J'O

FOURTH SPEED Specimen No. ?-12 3-0 )I__ Average
Proportional Limit, 1000 psi 2O /of f.a__ ._

Yield Strength, 1000 psi •.6 I.? O. /0._-
Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi I4l4 ,'.* /4. /_._
Shearing Strain, in/in 2.30 2.3/ 2.2? 2.30

Energy Absorbed, in-lb 7/10 9(4' ?00 9 _ _
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Table 24. Tersimo Properties ef 75B-T AliUmin ALU1e at Rem

FIRST SPEED Specimen No. 4'-' - 3 - -1-( U-14 a1,o93 Average

Proportional Limit, 1000 psi 3S.C #0a3 1j.4 33. F 3.o 34.
Yield Strength, 1000 psi 446.7 e7.7 01.8 ((3.O 4.2 0Off

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 6413 67.r, 63.7 &- "7/.3 V._

Shearing Strain, in/in O.r 0.37 0o4 0V.00O4j a._0_-

Energy Absorbed, in-lb i 7o So 670 :740 130 690

SECOND SPEED Specimen No. 14-" 1#-/, 41-/? Average

Proportional Limit, 1000 psi 3?. 7 7.1 33. V 36.7

Yield Strength, 1000 psi V SC.6 492 V4.6 ___

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 6 3. 6.f 43.3 _ _.2

Shearing Strain, in/in 0.3/ 0.34 0.3? D.3

Energy Absorbed, in-lb 46o P30 f o V 0

THIRD SPEED Specimen No. &-23 q-31 q-3? Average

Proportional Limit, 1000 psi 33F I• i" #3. 0 14/.(I
Yield Strength, 1000 psi oil'S SS/ •-/O PO _2

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi.

Modulus of Rupture, 1000 psi 6S-0 7•2,0 '7.0 ,__,_-_

Shearing Strain, in/in 3.3/ .0-7 0.30 0,.2

Energy Absorbed, in-lb 4C0 4d 0FO? I/ _ 0

FOURTH SPEED Specimen No. 4-6 q•-) 4-4 40'•-46 - Average

Proportional Limit, 1000 psi '0. P,2. r q'i. 0 4.O S-0.1o w .,

Yield Strength, 1000 psi fr6 P,7-91 P..(t S-4.6 r&.I ST,
Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 72,3 7/.0 7/0 .,2.4 906 2/r
Shearing Strain, in/in 030 0.t-7 P.3o 0.--24 3O .2

Energy Absorbed, in-lb 120 112 '4-01 1130 127 4ý'-O
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Table 25. Torsion Properti~s of 75S-T Aluminum Alloy
at 200 F (Not Aged)

FIRST SPEED Specimen No. 4-10 0-11 f4(-7- Averag

Proportional Limit, 1000 psi 36o7 Y7/.2 33.0 3S.-3

Yield Strength, 1000 psi 4q. -.37 ? ____

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 40.3 r44 tO.7 F__ __

Shearing Strain, in/in o.467 o..6P O.7' _0 _9

Energy Absorbed, in-lb /0301 70 Mqo I I__ _20

SECOND SPEED Specimen No. 4-/2 -P/ 4t-'7 Average

Proportional Limit, 1000 psi 3 Y'2 44•. 32.1 3•,

Yield Strength, 1000 psi 4S.7 /41.9 _ ___.__"

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 64./ 6 6 6_19
Shearing Strain, in/in OSo O./' 70._'_ 0. t2
Energy Absorbed, in-lb 720 7,eO0 '7'70

THIRD SPEED Specimen No. ii-/6 q-4(-f4S # -__ Avermag
Proportional Limit, 1000 psi 113.3 140o 7S /. ?

Yield Strength, 1000 psi #.0 St.P (if.o _ 9.

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 65,' 61.7 6.r. 1 6_ P,3

Shearing Strain, in/in 0.34' 0 .37 O.4 __, O,3S"
Energy Absorbed, in-lb S0 0 .CoO __20

FOURTH SPEED Specimen No. 4-26 4f-1 41-?f Average
Proportional Limit, 1000 psi S2.3 A,. F 44. f.I_ _.0

Yield Strength, 1000 psi Ssro 04•'-/ 0O _ _ _

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 70. P 7/1 7/. I _ __ /. /
Shearing Strain, in/in O.4a 0.2; O., 7 _ 0.2?

Energy Absorbed, in-lb /410 Y3/0 1/./o _ _30
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Table 26. Torsion Properties of 75S-T Alumimm Alloy
at 2006F (Aged)

FIRST SPEED Specimen No. 4-1 0-0F '-6 Average

Proportional Limit, 1000 psi 30.' 13.2 4f4.2 q2.

Yield Strength, 1000 psi 4r./ 4f..5 I 2 4z
Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 61.9 60.A 66.I 63.0

Shearing Strain, in/in 0.67 0.72 0.93 0,-7/

Energy Absorbed, in-lb /, o0o 1,0o /,/0o 4,_-_

SECOND SPEED Specimen No. 4/-2 (1-22 4(-62 Average

Proportional Limit, 1000 psi 3.2 37.2 3r.7 39_1_

Yield Strength, 1000 psi V9.6 V7 F /6.9 __.__

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 6V.3 63.0 6rf b (__.,

Shearing Strain, in/in a.S3 o. 4- 0, q4' 0.0_

Energy Absorbed, in-lb 3-0 611o 670o 7/0l

THIRD SPEED Specimen No. #-/I, /-t 4q-61_/ Average

Proportional Limit, 1000 psi 3Y. / 041.9 i•O _ 960.0

Yield Strength, 1000 psi yr./ 4r.2 Ott. P . 3

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 6S, 0 6SAN 6.0 it.s-

Shearing Strain, in/in 0.34 0,3" 03?_ 0.33P

Energy Absorbed, in-lb 470 P'/01 P40o _'/

FOURTH SPEED Specimen No. z/-/-• -4;32 4-34 Average

Proportional Limit, 1000 psi 4r7 . 41.? 4'a.1 ' 4_0 IT___

Yield Strength, 1000 psi f-•. 4 ,4'.

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi '7. 0 70. 642 - r.

Shearing Strain, in/in 0.a ( O.j- 0..24 0.2V

Energy Absorbed, in-lb 370 ? 330 360
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Table, 27. Ternion Propertion of . 753-T AlV~Mf Alloy
at 4007F (Not Aged)

FIRST SPEED Specimen No. 4-'35* l-67 0-'79 Average

Proportional Limit, 1000 psi /0.6 22.' /9._ /-7.
Yield Strength, 1000 psi 22.3 z-t.6 2241/

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1600 psi

Modulus of Rupture, 1000 psi Z.JT 21O .7 27./

Shearing Strain, in/in /./A' 1.z3 /.3f /.2r

Energy Absorbed, in-lb t/0 .0 690 __ 1_4__0

SECOND SPEED Specimen No. 4-3o (-22 1-102 Average

Proportional Limit, 1000 psi /8./ 29.0 a f._0 2_

Yield Strength, 1000 psi 3o.3 32.7 3.3 __2.3

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 3 r7 3,7.P 37•3 .372.
Shearing Strain, in/in 0. h'° 1.0 0.7 _,,- 0 F

Energy Absorbed, in-lb 7000 17O 7.O 7,7O

THIRD SPEED Specimen No. 4-37 44-,? 4-i.* Average

Proportional Limit, 1000 psi 30. 30.0 2-.o _29.

Yield Strength, 1000 psi 3 3. 3 3. 326._ 33.3

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 3F3 3•./ 33.? __ .0

Shearing Strain, in/in 0. ?7 o,?3 0.,?7 0.

Energy Absorbed, in-lb 70 700 700 _ _0

FOURTH SPEED Specimen No. 4(-#d a-70 11-f4 Average

Proportional Limit, 1000 psi 30.4 3S,' 3y.3 _3V(6

Yield Strength, 1000 psi 41.0 '/.. q 2.( q_ .0
Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 41•7 , t5. / _ 3 5-0,
Shearing Strain, in/in 0.34/ a.33/ 0.-?/ 0.32-

Energy Absorbed, in-lb 11201 4/001 3.?O 3 30
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ftbU 28-. Te*,t P*O.P"i.s8 Of 75.-T Alumimk A.ll
at 4ioo (A )

FIRST SPEED Specimen No. 47 Average
Proportional Limit, 1000 psi I3.r 4. ( _._ ___

Yield Strength, 1000 psi 16.2 6.0 /3_ /.
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi I%0 17.0 /,0 1_.3
Shearing Strain, in/in :.64( 3. to .7. f3 3,02
Energy Absorbed, in-lb ?o 790 F?0_ _ 0

SECOND SPEED Specimen No. 4-47 4(-f l 41-97 Average
Proportional Limit, 1000 psi 14(.6 /2z,0 o 4- /3

Yield Strength, 1000 psi /1.•- I6 16.4 I_.3
Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi /73 /9.0 /40 __.__

Shearing Strain, in/in s74( 4,02-7 r1'7 _'/

Energy Absorbed, in-lb 22,40 2 0,,03_ 2,/2O

THIRD SPEED Specimen No. 4-? /-•( 4-?/ Average
Proportional Limit, 1000 psi /i/. /4/.0 .9 _ _,

Yield Strength, 1000 psi /410 /X .? 14,1 /_.
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi a/.47 22. F .2,2. 22_./
Shearing Strain, in/in I.7 4(J' '?92 .6?

Energy Absorbed, in-lb ,I20 2,/00 2,o4' _,/00

FOURTH SPEED Specimen No. 41- f 4-o I-/41104( Average
Proportional Limit, 1000 psi 2/. 2 /?a I /.F I /9.
Yield Strength, 1000 psi 2 1. 2/.41 9 ./A 22.0
Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 34L. I . 32.6 32.3
Shearing Strain, in/in o. ?f 19 F3 0. off '1, ?4
Energy Absorbed, in-lb i q f6 f"/0 _ __ _
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Table 29. Torsion Properties of 75S-T Aluminum Alloy at 600°F
(Not Aged)

FIRST SPEED Specimen No. 41-20 u.-'// 01?/ Average
Proportional Limit, 1000 psi 2,0 o 2.2 I. 9 2,0
Yield Strength, 1000 psi 6.z 3.P 3, _. S"
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 7.S VO S.$7 6,1
Shearing Strain, in/in 2,6/ 2.7,3 -. 72, .67
Energy Absorbed, in-lb 3 9 2z0 20 A _ 3/0

SECOND SPEED Specimen No. L4/- I? (-/al 4__0 Average
Proportional Limit, 1000 psi 4.O 3.16 6,1 4__ 1.6
Yield Strength, 1000 psi ! 97 7. s_._" 6.7

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 6.7 76 7 __. 7,7
Shearing Strain, in/in .,4// -/(/1 6.30 r.63

Energy Absorbed, in-lb 7/o 601 ?•,9 _ _

THIRD SPEED Specimen No. g- '3 1-73 4-1? Average
Proportional Limit, 1000 psi 4.4 91 /0.o

Yield Strength, 1000 psi /0.2 /0.3 /0-7 /o.4
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi / 0./ /2.3 //. _ //.?
Shearing Strain, in/in .?771 F.70 (•.7 _.

Energy Absorbed, in-lb ,/O i '.), / i, i /_ __ fro

FOURTH SPEED Specimen No. 14-OV 4-7" 2 -loo Averade
Proportional Limit, 1000 psi . /0,0 9.7 _ ._

Yield Strength, 1000 psi 1. 6 //-.7 o.V /.q r
Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi /65*. /I",O r,.9

Shearing Strain, in/in '.•3 0 .7/ .. 4z _1 1_._,_-
Energy Absorbed, in-lb ?30 '7 701 31 1 1 ?/a
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Table 3Q Torsiom Properties of AeS-T Alumuium Alley at 600°FI T(ged)

FIRST SPEED Specimen No. #,_/v4(// •- 4? _ Average

Proportional Limit, 1000 psi /.V 2,7 0,9 / I
Yield Strength, 1000 psi a. 2 3.9 ;,7 3,6
Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi A.( V3 4.3 4(t

Shearing Strain, in/in z,[,6 .444I(/ :2,6? 2.60

Energy Absorbed, in-lb 2 90 230 .2 41_9 1 2SO

SECOND SPEED Specimen No. il- 1,433 41-4f Average

Proportional Limit, 1000 psi 2.7 S-.3- S. ? 4._

Yield Strength, 1000 psi 7.3 6,S- 69 6.9
Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi I

Modulus of Rupture, 1000 psi 27 3 6. 6. • 0

Shearing Strain, in/in 6.r( .7f 6.16 4./7

Energy Absorbed, in-lb ?0 O F3 30 y60 __ So

THIRD SPEED Specimen No. 4-/r V47 I -f3 Average

Proportional Limit, 1000 psi FV , V .7 7. g

Yield Strength, 1000 psi 9. 5- 0 " 9.40

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi / o. V.A. //.0 _/.

Shearing Strain, in/in r/ . ?4., __,

Energy Absorbed, in-lb foo -,fool 1,700

FOURTH SPEED Specimen No. 14-21 4-S0• 4 -7 Average

Proportional Limit, 1000 psi J?3 .7 //.7 I 9./

Yield Strength, 1000 psi ./ 9.7 /.2.3 ,0.
Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi -19.0 IL? 717 /SsI
Shearing Strain, in/in ..S t3 S'3 3.22/

Energy Absorbed, in-lb W/0 77201.12 _00
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Table 31. Teosion Prepertioe of FS-i Namseil at Rom
TeopWeatm

FIRST SPEED Specimen No. -r t-4f S--x Average

Proportional Limit, 1000 psi if 412 3. _ _

Yield Strength, 1000 psi 9.# g./ . _./

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 3X.0 3X0 3fM4 S.2

Shearing Strain, in/in 0.S/' 0.31 , _• __ _ 0.5-2
Energy Absorbed, in-lb 320 3/0 330 320

SECOND SPEED Specimen No. s-2 p-14( p-66 p-9•4 Average
Proportional Limit, 1000 psi P3 K.6 V.9 V<7 _ ?

Yield Strength, 1000 psi •?0 .9 9.0 6 1.6
Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 2/.7 1/ 81 .7 3./0
Shearing Strain, in/in 0.__ a r7 4a Vo7 a, 00

Energy Absorbed, in-lb .2n 0 2?o 270,7ol 290

THIRD SPEED Specimen No. P-/? P-23 P-?? Average
Proportional Limit, 1000 psi S./ 6.6 ?.' 6.3
Yield Strength, 1000 psi 9/ tl ,/Z" PI3

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi j2. 1? 3a.6 33.0 32,/
Shearing Strain, in/in 9.42 03/ 07y _. 0 37

Energy Absorbed, in-lb 260 /170 230 220

FOURTH SPEED Specimen No. S-4 P-S S-b F0S Average
Proportional Limit, 1000 psi /39. i.9 //. 4. Ii.4( /f.,
Yield Strength, 1000 psi /1. ,•9 /9.0 /S. /5-.f
Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 40 .4'$ 3?., 34.9 34f.

Shearing Strain, in/in 0.L• 30 0.'36 Ow ay _ .0?
Energy Absorbed, in-lb 2 2060 -Yo 2t0 _ _ ,_
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Table 32. T~W.1.a ?i~pities of F3-1- R& WI= at 2WO~F
(Net Aged)

FIRST SPEED Specimen No. P-17/ S-/10 0 -/-12 Average

Proportional Limit, 1000 psi 4Z2 4. 3,6 41.2
Yield Strength, 1000 psi 6 7.1/ P3 _.

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 3', 32., J.2._ 33.7
Shearing Strain, in/in 1.0 .417 O.f _ A. /

Energy Absorbed, in-lb 5o 700 l/,0 _ aO

SECOND SPEED Specimen No. P-/ P-2 Average

Proportional Limit, 1000 psi 41. 2.? 6./ 4/1

Yield Strength, I000 psi 6.2 72 74. _7

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi ?&20 3< __ 34

Shearing Strain, in/in 0911 07? ?.7 0. 7

Energy Absorbed, in-lb 41901 POO po _ _-20

THIRD SPEED Specimen No. t- ??. S -i'? Average

Proportional Limit, 1000 psi 4 /9 1•.f ..

Yield Strength, 1000 psi 2 73 7j __ 7
Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi a2?.3 297 30.? _ 21.9

Shearing Strain, in/in a.rP3 0.S3 0. __ a.. C4

Energy Absorbed, in-lb 270 290 3/0 290

FOURTH SPEED Specimen No. P-40 P- 2 t- IN Average

Proportional Limit, 1000 psi F. 3 6.6 &, _. 3

Yield Strength, 1000 psi ? 77 ?3 _

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Mgdulus of Rupture, 1000 psi .2 t1.7 23.?• :2 ;13 _ 23.?

Shearing Strain, in/in 0..(4 0./(f 0.42 a. q _ ,r

Energy Absorbed, in-lb -200 2V/0 170 _ 20o
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Table 33. Torsion Properties of FS-I Magnesium at 200°F (Aged)

FIRST SPEED Specimen No. S-3 S-7 .- Vf_ Average

Proportional Limit, 1000 psi 2.1 4.4 2.61 1.3

Yield Strength, 1000 psi __._ 7? 7. 1 7/
Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 2___ 31s- 2.3 7_2.

Shearing Strain, in/in 1.(3 /4"' ? _ /.3?

Energy Absorbed, in-lb F20 IO 7,_ _0

SECOND SPEED Specimen No. S4 PS -gPo Average

Proportional Limit, 1000 psi 4.0 S y 2.4 _ 3.?

Yield Strength, 1000 psi 7., 7/' 446 6'!

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 3o,& 37.4/ 33.0 32.3

Shearing Strain, in/in 0. 72 0. ? oVg4 083

Energy Absorbed, in-lb 420 S9O P4o0 S-20

THIRD SPEED Specimen No. 5-6 £-93 5-9 Average
Proportional Limit, 1000 psi 60 6.! 4.9 ,_____

Yield Strength, 1000 psi 4( g. • _____.

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi .7'3. 7 3-V9 33. _" 33.1

Shearing Strain, in/in 0.63 0.60 O.f- _ _ _ 0

Energy Absorbed, in-lb 3fO 3' V ' _S-0 __ _

FOURTH SPEED Specimen No. S-12 S-29 S-'7r Average

Proportional Limit, 1000 psi 00.1/ 9? ___ 9.2

Yield Strength, 1000 psi //.1/ /Z 2 /1.3 //.4

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 2P./ 27h , 23.7

Shearing Strain, in/in 04.T 0&1 0. 1._ _.

Energy Absorbed, in-lb 220 230 200 220
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Table 34. Torsion Properties of FS-l Magnesium at 40°PF
(Not Aged)

FIRST SPEED Specimen No. J-A/ "--/O Average
Proportional Limit, 1000 psi 0.7 1. 3 S.

Yield Strength, 1000 psi 3, 3. 3.
Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi g.3 f, /1.2 9.9
Shearing Strain, in/in 3.2P 3.16 2.S-1 2.97
Energy Absorbed, in-lb .P/o 5-/O 4 _10

SECOND SPEED Specimen No. -f2 t-706 S- 77 Averag
Proportional Limit, 1000 psi 2.F 3.0 34/ -,3.!

Yield Strength, 1000 psi z/h' f 1 5.5" _.

Yield Point (Upper), 1000 psi
Yield Point, (Lower), 1000 psi
Modulus of Rupture, 1000 psi /6> S6?. /I/ _ /4./
Shearing Strain, in/in /. 4 /.i 2.12 /.?2

Energy Absorbed, in-lb r0 !-00 SOO ___ _ oo

THIRD SPEED Specimen No. P-- •-/of S--it Average
Proportional Limit, 1000 psi 1.9 31. 3.9 3.
Yield Strength, 1000 psi S-2 .6r
Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 22.6 4.2 22.2 _2__ 23.0
Shearing Strain, in/in ,9-s- /.31 1,27 / 3__
Energy Absorbed, in-lb 6 o 630 5-•5-0 620

FOURTH SPEED Specimen No. -16 5--39 t- _d Average

Proportional Limit, 1000 psi 6.6 S.£ A.Z 6.3
Yield Strength, 1000 psi 7',0 7" 7.2.. 7.
Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of 'Rupture, 1000 psi 22.3 2/. f 21.4. _[.

Shearing Strain, in/in /00 0.?FS 0.?I 49.94?
Energy Absorbed, in-lb P0 /20 4120 4 /0
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Table 35. Torsion Properties of IS-1 Magnesium at 400°1 (Aged)

FIRST SPEED Specimen No. P-' 5:47 P-f? Average
Proportional Limit, 1000 psi Z. '7 1.3 /. P

Yield Strength, 1000 psi 3. 3., .X
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 9.2 F.1/ 9' 9
Shearing Strain, in/in 3.4(0 2. 2.69 _. 7_ 2./

Energy Absorbed, in-lb 440 1,70 UO/4 _ '10

SECOND SPEED Specimen No. r,22 P-/ P-f __/ Average

Proportional Limit, 1000 psi 3.27 A? 3.2 3.2

Yield Strength, 1000 psi •.L 6.0 5.3 _ _ _

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 1116 /4( /./ /60

Shearing Strain, in/in 2 .69 1.,2 o3 /. 19.'

Energy Absorbed, in-lb 670 S-70 6770 _/0

THIRD SPEED Specimen No. P-/- ?4• P-/07 Average

Proportional Limit, 1000 psi •0 3.O 3.2 .3,o7

Yield Strength, 1000 psi _.6 57 S.2 _ _ _

Yield Point (Upper), 1000 psi

Yield Point (Lower)', 1000 psi

Modulus of Rupture, 1000 psi .2 -2S .f0 22._ 23.9
Shearing Strain, in/in /443? -/ 10 1.37 __ //0

Energy Absorbed, in-lb ol S30 6/0 __ _30

FOURTH SPEED Specimen No. £'-?2 p-W •-J Average
Proportional Limit, 1000 psi r/, / 7 6.. 7
Yield Strength, 1000 psi 9.3 6.3 7.7 7
Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 22. 27.2 22.41 22.5-
Shearing Strain, in/in /. 0p 0. 99 .•_ /0 0

Energy Absorbed, in-lb 14t0 14 4l 20_l_42,01 140
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Table 36. Te":m ftgpw ,LeO of PS-i Nmgu-l. t So 6oO
(Net AOWn)

FIRST SPEED Specimen No. P-13 td-/O/ Average

Proportional Limit, 1000 psi t.• 0.' 0 _ 0.
Yield Strength, 1000 psi /./ /. 1.4 1.3
Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi :2, 3.9 24' ._2.

Shearing Strain, in/in 2./4/ SOO? d __.,2

Energy Absorbed, in-lb 3110 320 _290, 3/0

SECOND SPEED Specimen No. r- .2. r-? Average
Proportional Limit, 1000 psi 2,41 2.1 2,? 2.7
Yield Strength, .1000 psi 3,/ 3.41 3 V 3 2

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi P3 4.0 S.- _ _ _

Shearing Strain, in/in 3.90 / 3,19 4.27 3_.7P
Energy Absorbed, in-lb 1130 3?0 11301 _120

THIRD SPEED Specimen No. X-f r•0o3 f-/? P11 Average
Proportional Limit, 1000 psi 3,i 3,7 1•', 3.7
Yield Strength, 1000 psi 447 O.f 41 _ 417
Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi I/.0 a /.1 //.S __/.

Shearing Strain, in/in /192 I'9/ 1.7? /90 _

Energy Absorbed, in-lb 4$30 ftO 4/40 4(30

FOURTH SPEED Specimen No. S--20 P-.2/ r-- P4 Average
Proportional Limit, 1000 psi P.2 S P 4(1 S._s-I

Yield Strength, 1000 psi 6 '7 f. 6.
Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi (3_
Modulus of Rupture, 1000 psi 13,6 1 o /.0 __ _ _

Shearing Strain, in/in /.179 /. 7 /7 U__/ 76
Energy Absorbed, in-lb (/901 301 4Ls0 ?a0
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Table 37. Torsion Properties of FS-l Magnesium at 6000F (Aged)

FIRST SPEED Specimen No. £--2/ S-1 S'-f2 Average
Proportional Limit, 1000 psi 0.r 0.6 1. _._ -

Yield Strength, 1000 psi 1,? 4.2 /0 /0.
Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 9 2.7 2.2 2.3

Shearing Strain, in/in y.6/ F.•// 7.//1 _. 37
Energy Absorbed, in-lb 220 41/0 3/0 3/0

SECOND SPEED Specimen No. s/o S--3 ?--4 Average
Proportional Limit, 1000 psi 2,11 2.0 2.1/ 2.3

Yield Strength, 1000 psi 3.1 2.' :.2 3.1
Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi LI .4( 7.• . __

Shearing Strain, in/in 1404( R.19 3. ? 3 3.99
Energy Absorbed, in-lb 310O 30 41/0 .,5? O

THIR) SPEED Specimen No. PI _f- • Average

Proportional Limit, 1000 psi 2.6 2.3 _Z-5

Yield Strength, 1000 psi 4. 4 4f. 3

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi I/.F /I./ /__._

Shearing Strain, in/in /I?2 2.14 _,_ 4
Energy Absorbed, in-lb 41,/0 1/.,) 0 _ _

FOURTH SPEED Specimen No. r-/T *4? £--? Average
Proportional Limit, 1000 psi 4.- 0 •.1 •1/

Yield Strength, 1000 psi a 4.? 6.0 ___

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi /41f /.I4 /4.2 /_ _

Shearing Strain, in/in /3 •/ / /3 A_ i_ /_
Energy Absorbed, in-lb 41/0 W//10 4 130

WADC T 53-1o



Table. 38. Torsion Properties of RC-70 Titanium at Room
Temperature

FIRST SPEED Specimen No. A- I 6-6S- ___" Average
Proportional Limit, 1000 psi 4.1/ 34 0 •.o 43._F

Yield Strength, 1000 psi t. 61. r" 6 _.S 60.2
Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi //0.7 ///S." 7 0 /10.0
Shearing Strain, in/in .2I ,/3 3 i /-.2f /. 32
Energy Absorbed, in-lb 3,100 3,20 2/ 1 -:1,, is 3, 090

SECOND SPEED Specimen No. J-2 6-3V 6-&6 6-100 Average
Proportional Limit, 1000 psi 6?.? 32.7 6.2 S4 __ý. 3

Yield Strength, 1000 psi F 3.S 6 3 72.0 6 A __ 7.2.3
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 109.o u21 11.0 /05._ 13.0

Shearing Strain, in/in /.27 /.27 1.14 1.20 /23
Energy Absorbed, in-lb ,,74'o Io ., 1 ?,149 2,_f__P

THIRD SPEED Specimen No. -3"-7 6 -41 6-?? Average
Proportional Limit, 1000 psi 63.0 b3.5 ' 517 _ _.3

Yield Strength, 1000 psi FO 6 5 17A o f o I. -
Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 10f,9. 10. 2 1•17. _/2.0

Shearing Strain, in/in /.1/ o.0 0. ? .9 /.03
Energy Absorbed, in-lb 2,fa 2,2 0 13/0 2,30

FOURTH SPEED Specimen No. 6-13 6-/1 6-34 6-68' Average
Proportional Limit, 1000 psi V o. S" ?/.7 9?.c fo. 3
Yield Strength, 1000 psi fA 9.o 9g/ o _.._"

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi /aO.? 1i/ioov o / 'il47 1I10, 4
Shearing Strain, in/in -7 0.,?4 /.0•' *. rt A. _ _

Energy Absorbed, in-lb 2,5/0 2,1/' 7,0 _,__2,14v0
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IsbU. 39. Temwin Properbies of Re-70 Tntwom at 4000?

FIRST SPEED Specimen No. 6-t" 6-31 6-69 Average

Proportional Limit, 1000 psi 24.2 a3, - .t 2 t.0

Yield Strength, 1000 psi

Yield Point (Upper), 1000 psi 30o.S" .29.1 .3

Yield Point (Lower), 1000 psi 2z2 z .67 4.'? _z_._

Modulus of Rupture, 1000 psi 141 6 V./ 73.S 1.2./

Shearing Strain, in/in /.4 2 1.33 1.36 /1.32

Energy Absorbed, in-lb 4,9/0 I,4 FM ,971 1 ?00 1

SECOND SPEED Specimen No. 6-6 b-3? 6-9o Average
'Proportional Limit, 1000 psi 3t12 30.V 30,V _ 3/17
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi 37k 3.(6 . 3o/ V 6_

Yield Point (Lower), 1000 psi 372 33.3 3,6.o __0

Modulus of Rupture, 1000 psi 7S2 73 t . _._

Shearing Strain, in/in /.;341 .3S- 1. _ /. 30
Energy Absorbed, in-lb 2,/,01 a,o/0l / __? 2,o/0

THIRD SPEED Specimen No. 6-7 6-3? 6-1I Average
Proportional Limit, 1000 psi '/3.7 F' .l f T _ .1.

Yield Strength, 1000 psi

Yield Point (Upper), 1000 psi 4C .! 4S.7 4.? T _(7.6

Yield Point (Lower), 1000 psi '/6.4 4132 V 6.1 __.7

Modulus of Rupture, 1000 psi 76.:2 74V<? -'(____, 7p._ ?
Shearing Strain, in/in /.22 1, /.22 //5 20

Energy Absorbed, in-lb 4 ?70 4 9/O 7 /, _ _ I,0 4 FO

FOURTH SPEED Specimen No. 6-? 6-10o 4-72 Average
Proportional Limit, 1000 psi 61 2 SY4S 41 _ _"

Yield Strength, 1000 psi

Yield Point (Upper), 1000 psi 68.40 6.7. 6f7 __ 6.•
Yield Point (Lower), 1000 psi 6/.2 S-7. 67.? _/._

Modulus of Rupture, 1000 psi f'3.0 F'2. r 001 4
Shearing Strain, in/in Z/0/ /.f / /.12

Energy Absorbed, in-lb ;2,10 Of7 .22 2,120
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Tab-6 •o. wei6s Pr.perties orfC-7o tm• at 400°

FIRST SPEED Specimen No. 6-17 6-41? 6-/o Average
Proportional Limit, 1000 psi 2/,? .1.6 30.11 a (._s_

Yield Strength, 1000 psi 4,'.6 26,0 32,0 ._._

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 6.13 61'.1 66-&-. _ r.

Shearing Strain, in/in /. 27 1.33 /..26 /. 2

Energy Absorbed, in-lb 4 o30 4,0 4 ____P 1__ ,7-20

SECOND SPEED Specimen No. 6-/r 6-/ 6-11o _ Average

Proportional Limit, 1000 psi 32.7 3q./ 3(.7 _3.3

Yield Strength, 1000 psi

Yield Point (Upper), 1000 psi 342 3?2 39 .37

Yield Point (Lower), 1000 psi 3S.0 37.1 3•" 3S-9
Modulus of Rupture, 1000 psi 7.0 '77S- 9 6,_6

Shearing Strain, in/in /.30 o .27 /.27 _.2$

Energy Absorbed, in-lb 1, 2,000 1/,1 _ __O

THIRD SPEED Specimen No. 6-f 6-S1/ 6-111 Average
Proportional Limit, 1000 psi 2F 4(1'7. 41.2 ___. 4

Yield Strength, 1000 psi

Yield Point (Upper), 1000 psi 44-.0 ' 41.2 4_74 _0_f

Yield Point (Lower), 1000 psi 44' /6.,4 41(12 0/•O
Modulus of Rupture, 1000 psi 73.6 719. 711. _ 0__
Shearing Strain, in/in /./F /. /1 1.12 / /I

Energy Absorbed, in-lb /, '2O /, _F? /,7 _ I, /?/0

FOURTH SPEED Specimen No. 1-20 6-SI 6-V2_ Average

Proportional Limit, 1000 psi 67.f '7 S. 3 S •A 7/. 3

Yield Strength, 1000 psi

Yield Point (Upper), 1000 psi 67. S' 7.2. -7 /71.

Yield Point (Lower), 1000 psi 6/.e! 66.0 64. S- 64.0

Modulus of Rupture, 1000 psi F,4.3 9'3 go29 ___.__

Shearing Strain, in/in W.1? /.13 1.3 23i

Energy Absorbed, in-lb 2,230 2,fpv/ 2,,(1/1 2,oo00
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Table 41. Torsion Properties of RC-70 Titanlim at 7000F(Not Aged)

FIRST SPEED Specimen No. X-9 6-;/ 6-7Nl Average
Proportional Limit, 1000 psi 9.6 17.6 /Oi4.7
Yield Strength, 1000 psi /?"7 20.2 19. '
Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi t-1.2 6/.b -/. _2.

Shearing Strain, in/in I..2/ ,2O(.9 /.13 A 4

Energy Absorbed, in-lb 3S3O W /,o 4 ,10 /,/?1

SECOND SPEED Specimen No. 6-L/ 6-(t2 I-WV Average

Proportional Limit, 1000 psi /V,6 1 .A /,7./ /7/i

Yield Strength, 1000 psi

Yield Point (Upper), 1000 psi 202 22.0 .24.7 Al.3
Yield Point (Lower), 1000 psi 20,2 22.0 21.7 _ ._ 3

Modulus of Rupture, 1000 psi 4./ S-. S-2. Y 4 2./

Shearing Strain, in/in Z ,2/ 1.36_ /. 33

Energy Absorbed, in-lb 0,3-O 4,3/0 ,4/_ _ _/o_

THIRD SPEED Specimen No. 6-/1 6-40 6-7t Average

Proportional Limit, 1000 psi 2/.( i2/.2 .27 26.9
Yield Strength, 1000 psi

Yield Point (Upper), 1000 psi ..99 :2. 27.f 2_0_
Yield Point (Lower), 1000 psi .2S-3 3.? :21/ .2A.7
Modulus of Rupture, 1000 psi 57. F' /? .7 S-O- l '__ 0.

Shearing Strain, in/in 1.32 /.27 1'.3 _ /.32

Energy Absorbed, In-lb ,37a /,42 1,j 4 3_ 1,330

FOURTH SPEED Specimen No. 6-12 6-1V4 6 -7 Average
Proportional Limit, 1000 psi 0o 4.' 49f.2 ____

Yield Strength, 1000 psi

Yield Point (Upper), 1000 psi So."0 46.7 41. F._ 6
Yield Point (Lower), 1000 psi 31/ 39.0 37/ 37,_

Modulus of Rupture, 1000 psi by 66. 66,6 SS_. ___'

Shearing Strain, in/in /3/ 1.2/ . 31 /. 2y

Energy Absorbed, in-lb 4, '0 /,740 /,IS30 I__/
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Table. 42. Tersion Propertles of RC-70 TItl"mI at 700*F
(Aged)

FIRST SPEED Specimen No. 6-2/ 6-4.? 6- Average

Proportional Limit, 1000 psi 16,( /642 //.9 /72

Yield Strength, 1000 psi /4,0 /f.? 2.0 ._ /_._

Yield Point (Upper), 1000 psi

Yield Point (Lower), 3qO0 psi _

Modulus of Rupture, 1000 psi s-6.5- ."2,, -r? r_.. _._.5

Shearing Strain, in/in 1 30 /./16 001 _ _/

Energy Absorbed, in-lb /,"20 ,•?_ 4,22 1 330

SECOND SPEED Specimen No. h-J2 6-S4f 6-4t 6-10/ Average

Proportional Limit, 1000 psi .2.9.7 ./ 19.4 1•.9 /_._

Yield Strength, 1000 psi .240 21.0

Yield Point (Upper), 1000 psi 21.9 23.3 2_2.- 2.22
Yield Point (Lower), 1000 psi 2,.? 23.0 22.40 .22. V
Modulus of Rupture, 1000 psi 3."4.2 5"10 S -3.3 _ _._3

Shearing Strain, in/in /.410 /.1P A38' 1.3" /.4O
Energy Absorbed, in-lb 4,64c 1,660 /,4T8 4 ,52 /,400

THIRD SPEED Specimen No. 6-23 6-s" 6-?7 Average
Proportional Limit, 1000 psi 2,0. 23.r :2.z __8 22.11

Yield Strength, 1000 psi

Yield Point (Upper), 1000 psi 2,6.3 27.? ;8t 7 4.23
Yield Point (Lower), 1000 psi 2f.t 26.9 25.2 ,_ ____._

Modulus of Rupture, 1000 psi 34/.(/ 5"r.(( t2. __,

Shearing Strain, in/in /3 b37 ' / 430 ..... /.__

Energy Absorbed, in-lb T/o4o Z /, f (o .0,0_

FOURTH SPEED Specimen No. J-24 6-4 6-F? Averae
Proportional Limit, 1000 psi 4/2,0 /,2.s 44tO 02.9

Yield Strength, 1000 psi

Yield Point (Upper), 1000 psi 4/2.0 . 2 •'2. -4,.o a4.
Yield Point (Lower), 1000 psi 3.5t 3.o0 34-7 .....

Modulus of Rupture, 1000 psi 6.!/ 60.3 60.7 60._
Shearing Strain, in/in /..7 t•, /.3_ , Z.37

Energy Absorbed, in-lb 4 trO 1,710 4,V0_ 1,7(0
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Ule. T3 e~ ion P'roprties of 20 -70 Titmlm at 10O
(Mot Ag)

FIRST SPEED Specimen No. 6-L 6-7 6-o2 Averag

Proportional Limit, 1000 psi ?0.4 1.? I0./ .f_

Yield Strength, 1000 psi /0.9 /0.2 //.3 /0.9

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi /2,/ /2.3 /2.2 /2.2

Shearing Strain, in/in /1-34 / t.*S f// /_o_ 1
Energy Absorbed, in-lb .2,0?0 a.4• I-O q __ 2,A00

SECOND SPEED Specimen No. J-&6 4 -7. 6-/otl Average

Proportional Limit, 1000 psi /3.0 /2,0 o3 f_. (

Yield Strength, 1000 psi /V.3 13,1 13.1 13.6

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 29.1 2 .0 2..0 , 02.
Shearing Strain, in/in 3.U/ X. 41..3 3.11

Energy Absorbed, in-lb a,o'o7?0 / • 2,220 2,030

THIRD SPEED Specimen No. J-( 0 4-? d-lof Average

Proportional Limit, 1000 psi /S.7 /p.7 /6.3 i_._

Yield Strength, 1000 psi

Yield Point (Upper), 1000 psi 1,4 -,, o /0 3 13/7.

Yield Point (Lower), 1000 psi /(1 /7 /1.1/ _S,0

Modulus of Rupture, 1000 psi 30S. 3 ?0 33.3 33.

Shearing Strain, in/in /.A 7 - /i.S4 /.V0 /._ i
Energy Absorbed, in-lb /r41O 1,2/0 1o2O 1,26o

FOURTH SPEED Specimen No. ý-/6 6-1 f 6-20 Average

Proportional Limit, 1000 psi 3/10 3:2.1 34/ 32.44

Yield Strength, 1000 psi

Yield Point (Upper), 1000 psi 71,0 32.1 3(./ 32.1/

Yield Point (Lower), 1000 psi 3.2 202 .23.. 23.?
Modulus of Rupture, 1000 psi 113.3 4/3.? 412, .(33
Shearing Strain, in/in .6 / / 1.6f 161/. 4

Energy Absorbed, in-lb Po(l/ / 7o /, n __ _ _ ijO
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T&ble 4. ToruzSM Pr 'ti*2 Of =••-0 Ti-oiu 40 10 0 dl1 (AVAd)

FIRST SPEED Specimen No. 6-25 (-91 6-43 Average

Proportional Limit, 1000 psi (a.15 7.05 1.35 1o/g

Yield Strength, 1000 psi f.3T 9.15 8.q3,

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 10.,? 1M.y' 11.7 il,3
Shearing Strain, in/in 11.0 13,14 IZ,.Z 1,2.-

Energy Absorbed, in-lb 170 I6I�0, 1rO _2_/O _50 _

SECOND SPEED Specimen No. A-26 6-S' 6-49 Average

Proportional Limit, 1000 psi ?.7 /0,0 10 6 /0./

Yield Strength, .1000 psi 1,P 10,7 rI.'- _O.9

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi .23.0 ;.L// .24 23.

Shearing Strain, in/in 2S• 2. f2 .2,7k _,

Energy Absorbed, in-lb 4,330 /,oo /,420 a 3,_'0

THIRD SPEED Specimen No. 6-.27 4-5f 6-9/ Average

Proportional Limit, 1000 psi /0,s" 14.'? fg.•" /0.,

Yield Strength, 1000 psi

Yield Point (Upper), 1000 psi 1/.6 /,I2 /.2. 2 //

Yield Point (Lower), 1000 psi /1.2 /i. 71 /_.7"

Modulus of Rupture, 1000 psi .2F4t afl 2f2 _2f3

Shearing Strain, in/in I.•3 1,7" 1.77 4 _79 A_77

Energy Absorbed, in-lb I/,'o /o079 1./0_ 4/20

FOURTH SPEED Specimen No. 4-2F 6-6o b-?2 Average

Proportional Limit, 1000 psi .2(7 216.1? 3., _ .

Yield Strength, 1000 psi

Yield Point (Upper), 1000 psi 2.4(7 2-.y 21 3.._

Yield Point (Lower), 1000 psi /'.3 /PF. O d?' /0_.0

Modulus of Rupture, 1000 psi 372 - . .3 70 3 37.0

Shearing Strain, in/in ?:. 7 /.J2 1.79_ / ?3

Energy Absorbed, in-lb /,//o '/,130 .7?4o 10I 0
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Table 45. Torsion Properties of RC-13CE Titanium Alloy
at Room Tempeoature

FIRST SPEED Specimen No. 7-/3 17-P7 __- 7 Average

Proportional Limit, 1000 psi ýr6 x •52. V.? I_ý.z

Yield Strength, 1000 psi 960 9 (1 9g• _ _9

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 1)9.0 //./io /a0_ /41.3
Shearing Strain, in/in 0, 70 ,7 Q?0 0_ _ _V._7

Energy Absorbed, in-lb 2,-.07 ..2,2V 2,4070 2,270

SECOND SPEED Specimen No. 7-/l 7-S. 1-91 Average

Proportional Limit, 1000 psi 7?.? 64t. A/ 7 2. 3"
Yield Strength, 1000 psi 9.0 0o. ?. _ _ _

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi /r.0 i•J f/.0 /_/_.__"

Shearing Strain, in/in 0. 0 rO.' 0.177 0. P2
Energy Absorbed, in-lb 2,41./0 ,27/0 2,/00 2,3f0

THIRD SPEED Specimen No. I-It 7-f ? / -1 Average

Proportional Limit, 1000 psi 92.6 7?f 9F0 _ 11.7
Yield Strength, 1000 psi 3D•0 / /2.3 /0o.o _ 0.. I
Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi /Y/. /27.1_.O

Shearing Strain, in/in 0.7 f/ • ,f 7-t ___ 0.77
Energy Absorbed, in-lb 2,20 2,2/0 __ _ _0

FORHSPEED Specimen No. 7-4 '740 17-72 Average
Proportional Limit, 1000 psi 23,6 / //, 2,9 //9
Yield Strength, 1000 psi 12.4 i30.0 /22.0 /242

Yield Point (Upper), 1000 psi ___ __ ______

Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi /ox.. /lv40 /1577 T//
Shearing Strain, in/in 0. ? 0,4 0. 76 _ 0, g77
SEnergy Absorbed, in-lb A2 O. ,.g. 9/,/0 2,X'70
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Table 46. Torsion Properties 8f RC-l3aB Titanium Alloy
at 400 F (Not Aged)

FIRST SPEED Specimen No. 7-63 7-F3 '-7f Averaag

Proportional Limit, 1000 psi PA'6 62.0 60S," __,,_

Yield Strength, 1000 psi 6.f 69? ilA _ _ ._

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 120.0 o12t2 ///f /2/./
Shearing Strain, in/in 0. '0 0. e? .75" YS. ¼
Energy Absorbed, in-lb /Of 2,o/i0 ;Z O _ ___ /__0_

SECOND SPEED Specimen No. 7-3o 7-40 7-?( Avera_
Proportional Limit, 1000 psi 6/T St.9 63.9 _ _.39

Yield Strength, 1000 psi 9.13 729 72.7 72. y

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi /1Y7.4 /20.2 //?.2_ //•0

Shearing Strain, in/in f4e o,) j _, ___O. _ _

Energy Absorbed, in-lb ,96S £90 ,, ____ /_ 130

THIRD SPEED Specimen No. 7-3/ 7-6' 74-t AVerage
Proportional Limit, 1000 psi 7.•? V1 72.? V._ _

Yield Strength, 1000 psi 77.9 1.2 3 7,.! 7//
Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi //k.• /4•. //'.0 /6.?
Shearing Strain, in/in 0.' O, ' 0, _ _. ___

Energy Absorbed, in-lb 2,230 7-,,0,Od /_• 00 2,F0b

FOURTH SPEED Specimen No. -7-?2 07 #'__ 7-H'_ Average
Proportional Limit, 1000 psi h'.1 ,6.2- _.__ 0
Yield Strength, 1000 psi 6.4• 92.2 I/. 6
Yield Point (Upper), 1000 psi ___

Yield Point (Lower), 1000 psi _.3

Modulus of Rupture, 1000 psi 1.2$I. //?0 /,f, /227

Shearing Strain, in/in '0. 0? . 7090 _ _ 00_
Energy Absorbed, in-lb 2,22. 2,300 2,470 _ 2,1 0O
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Table T7. Torsion Properties of RC-13CB Titanim Alloy at 00P*
(Agod)

FIRST SPEED Specimen No. '-74 7-2/ 7-•7 Average
Proportional Limit, 1000 psi &0.f. S.-6 6.w- I S-. ?
Yield Strength, 1000 psi 66.3 6,/ b 7 S__Y

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi /27.2 //.0 /21._ /2/.2

Shearing Strain, in/in O f6 0.7. 019 _._

Energy Absorbed, in-lb 2,//0 1,SfO /, ?2 _/ i900

SECOND SPEED Specimen No. 2-22 7-3? _ Average

Proportional Limit, 1000 psi P•J.- 66.9 6779 _ _ .__

Yield Strength, 1000 psi 7Va 93 1? 71/. •__ . 2.

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 120,0 /2od /22,2 /20.,
Shearing Strain, in/in a ?19 . h' 0. F _0 0 _ ?

Energy Absorbed, in-lb 2,1/,O 2,/?o 2,00 __ 2,/1-0

THIRD SPEED Specimen No. 7-q 7-23 -1-29 Average

Proportional Limit, 1000 psi 9.f2 44O 7,? __J- 732
Yield Strength, 1000 psi •9 9F, + . __ _ _0

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi /14r /173 /2 • _ 1//.
Shearing Strain, in/in 4.9 O 9? , 0.___

Energy Absorbed, in-lb 2,220 2,22 f,1_ 2,2/0

FOURTH SPEED Specimen No. 7-21 0 7-1' Averagze
Proportional Limit, 1000 psi 92, V 9/ .t" •? __,_

Yield Strength, 1000 psi 9. / 97.!
Yield Point (Upper), 1000 psi _9 /,0.
Yield Point (Lower), 1000 psi .92 /10.2
Modulus of Rupture, 1000 psi /24 /2r-O /,. _ // 0
Shearing Strain, in/in , 1.60 0." 19 ?P I

Energy Absorbed, in-lb 2,?3 2,? 6 2,6ýW0 2 2,s6oI
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T41l0 48. Te.m:iLm POpe tletes 304lB TOfLta101 A3147at roo'e (uN • )

FIRST SPEED Specimen No. 7-J0 7-6P 7-t7 Average

Proportional Limit, 1000 psi S-. •.4 _,_ f3,2
Yield Strength, 1000 psi 6/23 r.6 _._ _._

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 11,7 /200 11f //_.__

Shearing Strain, in/in a f!O a' s a, ?f _ _ a
Energy Absorbed, in-lb 2,170 7,7-30 2,1 If_ __

SECOND SPEED Specimen No. 7- 4f 9-6 -9-ff Average

Proportional Limit, 1000 psi f2Q P 19 4/(3, 4_9 __2

Yield Strength, .1000 psi jp. tkl y i-6_ f -Y7

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi /0162 bo42 /jft /0_.

Shearing Strain, in/in 6. c O. 0. ?,a 0O 0. AF

Energy Absorbed, in-lb 7090o /, 6o /,Fr'o _, ___

THIRD SPEED Specimen No. 7-q774 7-f. f Average

Proportional Limit, 1000 psi 472 ,2J /1.2 3_

Yield Strength, 1000 psi 1/.' 60. b• i' ,6 _

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 9.0 -?7 I/3.0 _,

Shearing Strain, in/in 0. 90a .F? '6 _ _,

Energy Absorbed, in-lb I,S0'6 /1•1 ?0 /1/, ____

FOURTH SPEED Specimen No. jff 9-.o 9 -970 Average
Proportional Limit, 1000 psi W/6 70,6 73? 22.0

Yield Strength, 1000 psi 740 .74// $.7
Yield Point (Upper), 1000 psi 77?

Yield Point (Lower), 1000 psi P //

Modulus of Rupture, 1000 psi I/.f 1/092 1070 /0.. _,

Shearing Strain, in/in 0 . 9O' 8. _ O.
Energy Absorbed, in-lb 2,/fO 2,/00 /2,01 2,1301
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Table 49. Torsion Properties of RC-13C8 Titanium Alloy at 7000 F
(Aged)

FIRST SPEED Specimen No. 7-9 17-2" -t/// __ Average

Proportional Limit, 1000 psi a.7,7 fO.A7 4./ ,_ _ R

Yield Strength, 1000 psi 62.Y f2 fSO _ _. 2

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi //P./ /1'f //2,0 1/413

Shearing Strain, in/in 0. FS /. a / oP. ? a. ? I

Energy Absorbed, in-lb 2,2001 2,3001 2,/19O _, 0230

SECOND SPEED Specimen No. 7-10 7-26 7-12 Average

Proportional Limit, 1000 psi S-/- ./ r-/. •_ -/-

Yield Strength, 1000 psi m0,/ S-9?3 60,O f-9.
Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 1,6.o /ofo / __1 _0_,7

Shearing Strain, in/in 0¼'h . f6 ? .?. _ _. ?49

Energy Absorbed, in-lb / /, 9/a1,/ 6 .2i' /_ _? 69(10

THIRD SPEED Specimen No, 7-0 Average

Proportional Limit, 1000 psi xO 0•1 Y. Sr_. 3
Yield Strength, 1000 psi 63.9 6.' e 6.

Yield Point (Upper), 1000 psi _____ _____

Yield Point (Lower), 1000 psi

Modulus 'of Rupture, 1000 psi /0944 /V,3 /01ý. /O_ _ -

Shearing Strain, in/in 0.,?2 0 ?'? af;_ _.

Energy Absorbed, in-lb 2,o 20 2 , , 040 /, ___

FOURTH SPEED Specimen No. 7-/2 7-21 - 74• Average

Proportional Limit, 1000 psi 7X.1 7X. & I__
Yield Strength, 1000 psi ._ y V-2

Yield Point (Upper), 1000 psi 71.1./ 77/1
Yield Point (Lower), 1000 psi 7117 74(21
Modulus of Rupture, 1000 psi I.2.? /lo ot. /_.

Shearing Strain, in/in /p/ Op. 0. _ 0,07
Energy Absorbed, in-lb ."2, /10 -,0 0,0 { ;,_2
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Table 50. Torioi Properties of §C -13( Titaniu Alloy
at 1000 F (Not Aged)

FIRST SPEED Specimen No. /-4(f 7-/ 7-7/ Averag
Proportional Limit, 1000 psi /3.3 9 ZO.', _O. __.

Yield Strength, 1000 psi /?4( /7-7 95.6 __._

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 23.6 23.! 28.5 Z 5._

Shearing Strain, in/in 3/20 i.69 33.6Z 33.5
Energy Absorbed, in-lb //,0O /1001//o I, _ /3,600

SECOND SPEED Specimen No. ,-j 17-72 742 Average

Proportional Limit, 1000 psi 32.2 3S./ 32,? _33.6

Yield Strength, 1000 psi

Yield Point (Upper), 1000 psi t13.3 4172 113,0 113.2
Yield Point (Lower), 1000 psi 3. 41/2 sO.9 Z/0 .2

Modulus of Rupture, 1000 psi 4w4 'f ' 44S. ?I _W F

Shearing Strain, in/in 44(4/ 41.0 V // 4.1 _

Energy Absorbed, in-lb 3,6so 3,0•6 3,f0 ____ 3, 35?90

THIRD SPEED Specimen No. 7-PI 7-?3 7-f3 Average
Proportional Limit, 1000 psi </ ./ U/1/ 43.7 1/_?

Yield Strength, 1000 psi 407 V 4(7. 9 413 412
Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi P.7 '-,0 t "'?o S1_..,_
Shearing Strain, in/in 2.33 2,,0 ? 2,3? 2.27

Energy Absorbed, in-lb 2,2110 2,120 2, ____ 2,230

FOURTH SPEED Specimen No. g7-S2 7-tl "- F Average

Proportional Limit, 1000 psi ý.O t2.4 42.t•" ___

Yield Strength, 1000 psi _3. _-_._

Yield Point (Upper), 1000 psi 640 62,P_

Yield Point (Lower), 1000 psi ._ _S1 .F

Modulus of Rupture, 1000 psi aO 0 f2 a yo. 7__7
Shearing Strain, in/in 1.2t 123 /./ .. / 12/

Energy Absorbed, in-lb .2120 /, ,f , /, _901 2,/01
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Table 51. Torsion Properties of RC-1oCO Titaniu Alley at .1000o

FIRST SPEED Specimen No. Z-/ ,2{/?7-33 Average

Proportional Limit, 1000 psi /•.2- .2.0 /A, 7 1/1.

Yield Strength, 1000 psi /g.4 /.0 22.0 ___9

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi'

Modulus of Rupture, 1000 psi 2p.o ..1/4( 2f._o _._ 4(F

Shearing Strain, in/in 3X'4 4 .4 3 37. _. 3_._R

Energy Absorbed, in-lb /ILJ' mI_ I I/ / 6, X

SECOND SPEED Specimen No. 7-/1 7-391 Average

Proportional Limit, 1000 psi 3/11 303 30.7
Yield Strength, 1000 psi

Yield Point (Upper), 1000 psi 44.0 3 _._ $9o£

Yield Point (Lower), 1000 psi ?•., 387_ 3q.3
Modulus of Rupture, 1000 psi 4(4 4/3.3 31_._

Shearing Strain, in/in 112f 3,6 31.q7
Energy Absorbed, in-lb 3,6440 3,070 3,350

THIRD SPEED Specimen No. 7-3 7-/9 7-I__ Average

Proportional Limit, 1000 psi R91 3 S6 36.3 M3•.
Yield Strength, 1000 psi 41/ / 4q. 2 4/. _______

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi P9. P2 j,7, ___ 3_ .

Shearing Strain, in/in .2 7 2.-• 6 2,2-2

Energy Absorbed, in-lb 2,3101 2, t1/ /,*1/0 1 _,220

FOURTH SPEED Specimen No. 7-2 7- -7f F Average
Proportional Limit, 1000 psi f 4W43 vdl.l 4749
Yield Strength, 1000 psi 1.2 S'.? 7/.7

Yield Point (Upper), 1000 psi _ __o_

Yield Point (Lower), 1000 psi 117 P _ I

Modulus of Rupture, 1000 psi P.7 31/I ý74(6 7//.
Shearing Strain, in/in /371 1'20 /.0 _ .2?

Energy Absorbed, in-lb 2,0Vl0 /, JAO 2,120 2,0oo
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The following tables of data numbered 52 to 64 list

information obtained in an exploratory series of tests in

which a furnace was used that did not develop uniform tem-

perature along the gage length. The temperatures listed

are those measured at the center of length of the speci-

men. The ends of the one inch gage length were as much

as 50F to 1OOF cooler at the highest temperatures employed.

Therefore, these data have not been analyzed nor included

in the report of this investigation.
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EXPLORATORY TESTS

Table 52. Torsion Properties of SAE 1018 Steel at 400°F
(Not Aged)

FIRST SPEED Specimen No. Average

Proportional Limit, 1000 psi

Yield Strength, 1000 psi

Yield Point (Upper), I000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi

Shearing Strain, in/in

Energy Absorbed, in-lb

SECOND SPEED Specimen No. I- / /-/L7 Average

Proportional Limit, 1000 psi P2S. 26# 26. _ _ 2
Yield Strength, 1000 psi

Yield Point (Upper), 1000 psi . 26.V 2/.; __ _

Yield Point (Lower), 1000 psi 2.2 •2/• 2ý. _ 23.2
Modulus of Rupture, 1000 psi ,f? t .3 73.0 6f 0

Shearing Strain, in/in 171/ 4[.3 1.2/ /. V4_ _

Energy Absorbed, in-lb ,0O0 too 9 ,4 /,( IM 1 .2/00 1

THIRD SPEED Specimen No. /-7 1-3-7 f/- Average
Proportional Limit, 1000 psi ;1L 2-1 /2! / 23.1

Yield Strength, 1000 psi

Yield Point (Upper), 1000 psi :.4 .2 .?2. .27.0
Yield Point (Lower), 1000 psi 22.4/ 2.2.3 2. 23.8
Modulus of Rupture, 1000 psi 44-7 6((f 1707 __ _7

Shearing Strain, in/in 2.4(f' ,2 4.,/ _2.0'

Energy Absorbed, in-lb 3,14/0 :kI/ f40 __ ._ , _

FOURTH SPEED Specimen No. /-S- /-/2 /-72 Average

Proportional Limit, 1000 psi ?96 3031 33.3 3_74

Yield Strength, 1000 psi

Yield Point (Upper), 1000 psi V6 303 33.3 32.7
Yield Point (Lower), 1000 psi 10;12 (30ý? _o ___

Modulus of Rupture, 1000 psi -/.7/ 67.2 _7.r I 7
Shearing Strain, in/in i?. . •0 7f 3.11 2.40

Energy Absorbed, in-lb ao4o 3_4.yo ,_13o .710
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EXPLORATORY TESTS

TABLE 53. Torsion Properties of SAE 1018 Steel at 400OF (Aged)

FIRST SPEED Specimen No. Average

Proportional Limit, 1000 psi

Yield Strength, 1000 psi

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi

Shearing Strain, in/in

Energy Absorbed, in-lb

SECOND SPEED Specimen No. Average

Proportional Limit, 1000 psi

Yield Strength, 1000 psi

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi

Shearing Strain, in/in

Energy Absorbed, in-lb

THIRD SPEED Specimen No. /-.23 Average

Proportional Limit, 1000 psi 27.f 2.
Yield Strength, 1000 psi

Yield Point (Upper), 1000 psi ý7 _ _ _

Yield Point (Lower), 1000 psi .230 23.0

Modulus of Rupture, 1000 psi __._ F_ P

Shearing Strain, in/in ... o 0_ _

Energy Absorbed, in-lb 1,8.0, __O_ _

FOURTH SPEED Specimen No. Average

Proportional Limit, 1000 psi

Yield Strength, 1000 psi

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi
Shearing Strain, in/in

Energy Absorbed, in-lb
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•PLRTCR TESTS

TARS .54. TOW2 ?rOPWi05es of SAN 108 St1 at 7o0o
(Not Age.d)

FIRST SPEED Specimen No. Average

Proportional Limit, 1000 psi

Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi
Shearing Strain, in/in

Energy .Absorbed, in-lb

SECOND SPEED Specimen No. /- 1-10 I-/_ _ Average
Proportional Limit, 1000 psi 2P,7 /.- /.4t -;" 2.2
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi .f2 2/.41 22.2

Yield Point (Lower), 1000 psi 2,2.0, /?3 21.4/ _ 20.54
Modulus of Rupture, 1000 psi 6 __,I O 7..01 0.

Shearing Strain, in/in 4,17 /.3? 1.. /3./
Energy Absorbed, in-lb /Pooo t 2,0o00 /,20

THIRD SPEED Specimen No. I- 0 /- /-7 J- Average

Proportional Limit, 1000 psi 2,0. /13.7 I0 _ /3
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi .2 42 .z4 _.0

Yield Point (Lower), 1000 psi ;L/.2 2•.2 22.7 /.27
Modulus of Rupture, 1000 psi J9__ -.7 7.2,0 _ _.

Shearing Strain, in/in F, 't- /3 S.T? _ /_ _ '_"
Energy Absorbed, in-lb .4,41•1 .,I/4' 12/O o41o

FOURTH SPEED Specimen No. 1-37 /-4W 9-1 Average

Proportional Limit, 1000 psi .41 S29. . 30.0

Yield Strength, 1000 psi

Yield Point (Upper), 1000 psi 271.7 ;2.7. S-3 306
Yield Point (Lower), 1000 psi I• r .2 2 j0 V
Modulus of Rupture, 1000 psi 6,31 6•g2 39.0 o.
Shearing Strain, in/in . 2.0. /. A?0 A Oaf __

Energytlbsorbed, in-lb :),/.o , 2,'0 _,_ __

WADC ¶IR 53-10 14.2



EKHC•ATY TTS•

TAMl 55. TO.SSAS Provpwt4. of8¶ 10.8 S604al t 310001'

FIRST SPEED Specimen No. Average

Proportional Limit, 1000 psi

Yield Strength, 1000 psi

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi

Shearing Strain, in/in

Energy Absorbed, in-lb

SECOND SPEED Specimen No. 1-1 /-, /-77 I-I?/ /-/22 Average

Proportional Limit, 1000 psi /1. / /P .I / V .Ir0 1-33 13.1

Yield Strength, .1000 psi /'.4/ 2o 20.0 29,0 /f.7 ,0o

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 4?7 1/. UI/.<2 W4 4172 UO

Shearing Strain, in/in - - 4. 10 2,13 1.9 ,

Energy Absorbed, in-lb - -4 ft o, o3 /4to

THIRD SPEED Specimen No. /-- /-4a9 1-7? Average

Proportional Limit, 1000 psi 19./ /, /LO ___.__

Yield Strength, 1000 psi I

Yield Point (Upper), 1000 psi /f, H.-3 20. /19.97
Yield Point (Lower), 1000-psi 17? 1-7.9 20.7 I/h,17
Modulus of Rupture, 1000 psi P9, &6.2 6.o2 _a

Shearing Strain, in/in 1/.t /08 0. _ /.06

Energy Absorbed, in-lb ,7_2 og /, 0 33i 1___ ,1 /01

FOURTH SPEED Specimen No. /-,p 1-4 /-go Average
Proportional Limit, 1000 psi .2a4( 2?.0 26./ __.

Yield Strength, 1000 psi

Yield Point (Upper), 1000 psi .2( T. 2/./ ___ F 2.1

Yield Point (Lower), 1000 psi W11 26..1 2,(_/ 4-7
Modulus of Rupture, 1000 psi .2.o a • _.__ __

Shearing Strain, in/in //4 /&12 A. 23 /. 10

Energy Absorbed, in-lb /,'93o 2,/oo l, __ _ /,:e

wAc T 5o3-1 143



EXPLORATORY TESTS

TABLU 56. Torsion Properties of 24S-T Alimimua Alloy at 2000?
(Not Aged)

FIRST SPEED Specimen No. Average
Proportional Limit, 1000 psi _

Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture,' 1000 psi
Shearing Strain, in/in

Energy Absorbed, in-lb

SECOND SPEED Specimen No. 3-4 2-31 2-7o Averae
Proportional Limit, 1000 psi 29./ 26.? .2 Y _ 12_._r

Yield Strength, 1000 psi •2.o 32.2 3/.F 32.0
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi S-73 S.7
Shearing Strain, in/in 0... D.5• o.&? _ _ _

Energy Absorbed, in-lb 70 &7o ao _ _$

THIRD SPEED Specimen No. 3- 3-31 3-71 Avera3 3

Proportional Limit, 1000 psi 2/.S V/.r 24(7_ 22. .

Yield Strength, 1000 psi 24.7 27.• 91.4 2? 3
Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi PP. 7 S3.2 p.2 .2.o
Shearing Strain, in/in 0,! o• O.&3 011 a
Energy Absorbed, in-lb S40 S"20 1/0 _ _

FOURTH SPEED Specimen No. 3- f 3-40 3-71 Averge
Proportional Limit, 1000 psi 24.1/ 34.0 23./ __2_ ._ _

Yield Strength, 1000 psi

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi tkd7 &7, r _.__ __,

Shearing Strain, in/in 0,e/i O.S. o., fl _ aS!
Energy Absorbed, in-lb 6o N10 I___

W= M ~53-40 14~4



EXPLORATORY TESTS

TABLU 57. Torsion Properties of 243-T Aluminm Alley at 200$ (Aged)

FIRST SPEED Specimen No. Average

Proportional Limit, 1000 psi

Yield Strength, 1000 psi

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi

Shearing Strain, in/in

Energy Absorbed, in-lb

SECOND SPEED Specimen No. 3-.22.4 Average

Proportional Limit, 1000 psi __.2 .2_

Yield Strength, 1000 psi 3/./

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi V-•. _ _6_ _

Shearing Strain, in/in 0.• 0,_

Energy Absorbed, in-lb _ ____o_

THIRD SPEED Specimen No. J-23 ? 3 Average
Proportional Limit, 1000 psi 3,0.0 1 2• 1o .20Y

Yield Strength, 1000 psi 331. 3/1 26.7 F 3.
Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi r.s- vo. §44 1•.
Shearing Strain, in/in o. ? o.(f O. / 0. __ _0a_/

Energy Absorbed, in-lb 1,o $0 4700 630
FOURTH SPEED Specimen No. Average

Proportional Limit, 1000 psi

Yield Strength, 1000 psi

Yield Point (Upper), 1000 psi __

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi

Shearing Strain, in/in

Energy Absorbed, in-lb

'.JLDC TR 53-10 14



MeUM= TiS

TpAL 58. Toweis. Propewties or 1438-TA1udm Alley at 400*1
(Not Aged)

FIRST SPEED Specimen No. Average

Proportional Limit, 1000 psi

Yield Strength, 1000 psi

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi'
Modulus of Rupture, 1000 psi
Shearing Strain, in/in

Energy Absorbed, in-lb J

SECOND SPEED Specimen No. 3 -10 2-42- j-.- Averp e
Proportional Limit, 1000 psi 11,7 22.3 2/2

Yield Strength, 1000 psi 2.3 :6.7 -x 2 -

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 41ho, 4.1- Ž 7._ 42 7
Shearing Strain, in/in 0.,611 0.74 O0.97 04?

Energy Absorbed, in-lb 9,0o 7 7o o _740_ 71O

THIRD SPEED Specimen No. -11 3-4(3 7- 410 Average
Proportional Limit, 1000 psi (r1 2.R 3 /.2.0 /A._
Yield Strength, 1000 psi ..24. .2.? IP, 7_.

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi OP. 7 4/.S 4. ? _._ U4,'
Shearing Strain, in/in 0,62 0,62 0,64, 9. _ _

Energy Absorbed, in-lb 6(0 ,30 720 _' 63o_ 72

FOURTH SPEED Specimen No. .- 3 2-•3-7Z Average
Proportional Limit, 1000 psi d( 20.3 .2ŽO ?
Yield Strength, 1000 psi

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi P/IS 4/7.7 /.7 __0.__

Shearing Strain, in/in o. 443 0.31 0 _ _ 0,4(2
Energy Absorbed, in-lb 0/70 3•o 43__ _ I/oO

WA= 53-10 146


